FTD-MT-  - 


EDITED  MACHINE  TRANSLATION 


THEORY  OF  ROCKET  ENGINES 

By:  V.  Ye.  Alemasov,  A.  F.  Dregalin,  and 
A.  F.  Tishin 

English  pages:  732 

Source:  Teoriya  Raketnykh  Dvigateley,  Moscow, 
1969,  Izd-Vo  "Mashinostroyeniye , " 

2nd  Edition,  pp.  1-547. 

This  document  is  a  Systran  machine  aided 
translation,  post-edited  for  technical 
accuracy  by:  Edwin  P.  Pentecost. 


UR/OOOO-69-OOO-QOO 


THIS  TRANSLATION  IS  A  RENDITION  OF  THE  ORIGI- 

NAL  FOREIGN  TEXT  WITHOUT  ANY  ANALYTICAL  OR 

EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES 

PREPARED  BYi 

ADVOCATEDOR  IMPLIED  ARE  THOSE  OF  THE  SOURCE 

AND  DO  NOT  NECESSARILY  REFLECT  THE  POSITION 

TRANSLATION  DIVISION 

OR  OPINION  OF  THE  FOREIGN  TECHNOLOGY  Dl- 

FOREIGN  TECHNOLOGY  DIVISION 

VISION. 

WP-AFB.  OHIO. 

TABLE  OF  content:; 


U.  S.  Board  on  Geographic  Names  Transliteration  System . 

Designations  of  the  Trigonometric  Functions . 

Preface . . . 

Basic  Abbreviations  and  Conventional  Designations . 

Part  I.  Physical  Principles  and  Basic  Parameters . 

Chapter  I.  Introduction . 

1.1.  Types  of  Rocket  Engines . 

1.2.  Chemical  Rocket  Engines . 

1.3.  Utilization  of  Rocket  Engines  and  Generators  of 

the  Working  Medium . 

1.4.  Brief  Survey  of  the  Development  of  Rocket 

Engines . 

Bibliography . 

Chapter  II.  Thrust  of  the  Chamber  and  Engine . 

2.1.  Thrust  of  a  Chamber  with  a  Laval  Nozzle . 

2.2.  Characteristic  Modes  of  Operation  of  a  Laval 

Nozzle . 

2.3.  Thrust  of  Chamber  in  Modes  with  Breakaway  of  Flow 

Inside  a  Laval  Nozzle . 

2.4.  Chamber  Thrust  with  Nozzles  of  Other  Shapes . 

2.5.  Thrust,  Total  Impulse,  Power  of  Engine . 

Bibliography . 

Chapter  III.  Specific  Parameters  of  the  Chamber  and 

Engine . 

3.1.  Specific  Thrust . 

3.2.  Specific  Impulse  of  Pressure  in  the  Chamber . 

3.3.  Thrust  Coefficient . 

3.4.  Specific  Fuel  Consumption . 

3.3.  Specific  Weight  of  the  Engine . 


x 

xi 


x  i  i  .1 
xv  L  i 
1 
2 
2 
8 

19 

27 

39 

4l 

41  y 

V. 

49 

50 

53 
55 
5  7 

58 


63 

64 
06 


6  ' 


FTD-MT-24 -lit  -  '(; 


i 


HIM  i  <>gra[  by .  1  - 

Chapter  IV.  i  n  ter  :onneo  t  I  on  of  Rocket,  Engine,  find  Fun  I 

P.'i  name  tors .  *  >‘ ; 

4.1.  Connection  between  the  Engine  and  Rocket 

Parameters .  no 

4.;-’.  Effect  of  Fuel  Characteristics  on  Rocket 

Characteristics .  76 

4.5.  Rating  the  Efficiency  of  a  Fuel .  78 

Bibliography .  75 

Part  II.  General  Methods  of  Calculation .  86 

First  Section.  Theoretical  Thermodynamic 

Characteristics .  87 

Chapter  V.  Composition  and  Total  Enthalpy  of  Propellant .  88 

5.1.  Equivalent  Formula .  88 

5.2.  Composition  of  Component .  89 

5.3.  Composition  of  Bipropellant .  90 

5.4.  Composition  of  Multipropellant .  93 

\  5.5.  Density  of  Propellant .  94 

^  5.6.  Total  Enthalpy  of  Propellant .  95 

Bibliography .  101 

Chapter  VI.  Equilibrium  Composition  of  Combustion 

Products .  102 

6.1.  Preliminary  Information .  102 

6.2  System  of  Equations  for  Determination  of  the 
Equilibrium  Composition  at  p,  T  =  const  or  v, 

T  -  const .  103 

6.3.  Method  of  Solution  of  System  of  Equations .  113 

6.4.  Calculation  of  Equilibrium  Composition  at  p, 

T  =  const  or  v ,  T  =  const .  116 

6.5.  Determination  of  Partial  Derivatives  of 

Equilibrium  Composition .  If'.' 

Pill  lographv . . .  1 

FTP-MT-  i  i 


Chapter  VII.  Thermodynamic  Properties  and  Properties  of 

Transfer  of  Combustion  Products .  r;i 

7.1.  Thermodynamic  Functions  of  the  Mixture .  l  ',( 

7.2.  Thermal  Coefficients . i4i.> 

7.3.  Heat  Capacity .  141 

7.4.  Speed  of  Sound .  1 4 5 

7.5.  Transfer  Coefficients  (Diffusion,  Viscosity, 

Thermal  Conductivity) .  148 

7.6.  Electrical  Conductivity .  157 

7.7*  Emissivities .  162 

Bibliography .  169 

Chapter  VIII.  Thermogas -Dynamic  Calculation  of  Processes  in 

a  Chamber .  172 

8.1.  Problems  of  Calculation  and  Basic  Assumptions .  17? 

8.2.  Calculation  of  Combustion  in  an  Isobaric 

Chamber .  177 

8.3.  Calculation  of  Isentropic  Equilibrium  Expansion....  179 

8.4.  Calculation  of  Isentropic  Frozen  Expansion .  187 

8.5.  Calculation  of  Combustion  in  Nonisobaric 

Cylindrical  Chamber .  189 

8.6.  Thermodynamic  Calculation  with  the  Aid  of  Diagrams 

and  Nomograms .  193 

Bibliography .  195 

Chapter  IX.  Determination  of  Thermodynamic  Characteristics...  197 

9.1.  Determination  of  Thermodynamic  Characteristics  in 

Terms  of  Data  of  Detailed  Calculation .  197 

9.2.  Determination  of  Thermodynamic  Characteristics  with 

Respect  to  Gas-Dynamic  Relationships .  199 

9.3.  Extrapolation  and  Interpolation  of  Thermodynamic 

Characteristics .  20r- 

Bibliography . . .  - . .  215 

Chapter  X.  Relationships  of  Thermodynamic  Characteristics  to 

Basic  Factors .  220 


FTD-MT- 24 -116-70 


iii 


10.1.  General  Information .  220 

10.2.  Relationships  to  Component  Ratios  of  Propellant....  222 

10.3  Relationships  to  Pressure  in  the  Combustion 

Chamber . 223 

10.4.  Relationship  to  Decree  of  Pressure  noerease  in  the 

Nozzle  or  to  Relative  Nozzle  Section  Area .  230 

10.5.  Relationship  to  Relative  Combustion  Chamber  Area...  233 

10.6.  Relationship  to  Temperature  or  Enthalpy  with 

Independent  Heating . . .  236 

Bibliography .  239 

Second  Section.  Thermogas-Dynamics  of  Real  Flows  and  Heat 

Exchange . . .  240 

Chapter  XI.  Properties  of  Real  Processes . 241 

11.1.  Basic  Distinctions  from  Theoretical  Schemes .  24l 

11.2.  Nonadiabaticity  of  Processes .  242 

11.3.  Heterogeneity  of  Parameters  and  Incomplete 

Combustion .  249 

11.4.  Nonideality  of  Working  Medium .  256 

ll.1  .  'nemical  Nonequilibrium .  262 

Bibliography .  272 

Chapter  XII.  Single-Phase  Flow  in  the  Nozzle.  Fundamentals 

of  Profiling .  274 

12.1.  General  Information .  274 

12.2.  Profiling  the  Subsonic  Part  of  Round  Nozzles .  276 

12.3.  Profiling  of  the  Supersonic  Part  of  Round 

Nozzles .  279 

12.4.  Fundarr.  .itals  of  Profiling  Ring  Nozzles .  291 

12.5.  Estimation  of  Pulse  Losses  in  the  Nozzle .  296 

12.6.  Some  Principles  of  Selection  of  a  Nozzle .  305 

Pibliograph.v .  30  ( 

Chapter  XIII.  Two-Phase  Flow  in  a  Nozzle .  309 

1 ;  .  1  Basic  Features .  309 


FTP-V.T-  *-llt-V 


12.2.  Thermodynamic  Estimation  c f  Maximum  Possible- 

Losses .  314 

13.3.  Ncnequllibrium  Expansion  of  Two-Phase  Flow .  319 

13.4.  Coagulation  of  Particles  of  Condensate  in  the 

Nozzle .  31’7 

13.3.  Nonequilibrium  of  the  Crystallization  Process  of 

Condensate  in  the  Nozzle .  326 

13.6.  Nonequilibrium  of  Condensation  Process  in  the 

Nozzle .  345 

13.7.  Profiling  of  Nozzles  for  Two-Phase  Combustion 

Products .  346 

.tliography .  349 

Chapter  XIV.  Heat  Output  to  Chamber  Walls .  351 

14.1.  Preliminary  Information .  351 

14.2.  Calculation  of  Convective  Heat  Exchange  and 
Friction  in  the  Boundary  Layer  of  Reacting  Gas 

(V.  M.  Iyevlev  Method) .  359 

14.3.  Utilization  of  Criterion  Relations  for  Calculation 

of  Convective  Heat  Exchange .  371 

14.4.  Calculation  of  Radiative  Heat  Exchange .  374 

14.5.  Distribution  of  Specific  Heat  Flows  Along  the 

Chamber  Passage . 376 

Bibliography .  379 

Chapter  XV.  Liquid  Rocket  Fuels .  380 

15.1.  Requirements  for  Fuels .  380 

15.2.  Physicochemical  Features  of  Components .  384 

15.3.  Kinetic  Properties  of  Fuels .  393 

15.4.  The  Leading  Fuels  Used .  399 

15.5.  Promising  Propellants .  402 

•  .6.  Promising  Metalliferous  Fuels .  405 

Bibliography . . .  410 

Chapter  XVI.  Processes  of  Fuel  Conversion  in  the  Combustion 

Chamber .  **12 


FTP-MT-24-llr-  '0 


v 


16. 1.  Over;.  M  Picture  <  !'  ‘ho  Phenomena . 

if'.?.  Rvluc*  ing  an  lmpr>  /ement  of  the  I  eossos . 

lh. 3  Generalized  Characteristics  of  the  Processes . 

Bibl  I  orraphy . .  . 

Chapter  XVI i.  Processes  of  Gas  Generation . 

17.1.  General  Information . 

17.2.  Utilization  of  Unitary  Fuel . 

17.3.  Utilization  of  a  Bipropellant . 

17.4.  Obtaining  Steam  in  the  Coolant  Passage  of  the 

Chamber . 

17. 5.  Thermodynamic  Efficiency  of  the  Various  Methods 

of  Gas  Generation . 

Bibliography . 

Chapter  XVIII.  Calculation  of  the  Basic  Parameters  of  an 

Engine . 

18.1  Determination  of  Actual  Specific  Thrust  and  Second 
Fuel  Expenditure  in  Seconds . 

18.2.  Determination  of  the  Chamber  Size . 

18.3.  Calculation  of  an  Engine  Without  the  Afterburning 

of  the  Generator  Gas . 

18.4.  Calculation  of  an  Engine  with  Afterburning  of  the 

Generator  Gas  in  the  Basic  Chamber . 

Bibliography . 

Chapter  XIX.  Characteristics  and  Thrust-Vector  Control . 

19.1.  Preliminary  Information . 

19.?.  Altitude  Characteristic . 

19.3.  Consumption  Characteristics . 

19.4.  Thrust-Vector  Control . 

Bibl  ii  graphy  . . 

Chapter  XX.  Protection  of  the  Chamber  Wall . 

!  ;•  0  ;  •  y.et.h  Mr  1  f  PhP'ld'nr  *  he  Wall . 


4  ?6 
4  ?9 
4  30 
430 
433 
4  19 

rPO 

447 

449 

450 

4  BO 

4  B2 

456 

461 

464 
40^ 

465 
468 

471 

4 '76 
4‘>3 


•r'er.*-*  f ■:  * 


20.3.  Internal  Cooling .  520 

20.4.  Combined  Systems  of  Wall  Shielding .  528 

Bibliography .  530 

Chapter  XXI.  Selection  of  Optimum  Parameters .  531 

21.1.  Criterion  of  the  Selection  of  Optimum  Parameters...  531 

21.2.  Selection  of  the  Fuel  and  the  Excess  Oxidizer 

Ratio .  535 

21.3.  Selection  of  Pressure  in  the  Combustion  Chamber....  538 

21.4.  Selection  of  Parameters  of  the  Cross-Section  of 

the  Nozzles .  542 

21.5.  Trends  in  the  Development  of  Liquid-Fuel  Rocket 

Engine .  547 

Bibliography . 551 

Part  IV.  Rocket  Engines  on  Solid  Propellant . 552 

Chapter  XXII.  Solid  Rocket  Propellants .  553 

22.1.  Basic  Requirements  for  Propellants .  553 

22.2.  Composition  of  Solid  Propellants .  555 

22.3.  Mechanism  of  Combustion .  560 

22.4.  Dependence  of  Combustion  Rate  on  Basic  Factors .  565 

22.5.  Limits  of  Stable  Combustion . . .  574 

Bibliography .  578 

Chapter  XXIII.  Interior  Ballistics  of  a  Chamber .  579 

23.1.  Preliminary  Information .  579 

23.2.  Pressure  and  Temperature  in  a  Combustion 

Chamber .  580 

23.3.  Change  in  Parameters  of  Flow  Along  the  Length  of  a 

Charge  and  in  Time . 592 

23.4.  Interior  Ballistics  of  Transitional  Processes .  605 

23.5.  Geometry  of  Burning  Out  of  Charge .  610 

Bibliography .  615 


FTD-MT- 24 -116-70 


vii 


Chapter  XXIV.  Bases  for  Calculation  of  Charge  and  Ermine .  6l6 

24.1.  Calculation  of  a  Thrust  Chamber  with  a  Charge 

Which  Burns  on  the  Lateral  Surfaces .  616 

24.2.  Calculation  of  Thrust  Chamber  with  a  Charge 

Burning  on  the  End .  623 

24.3.  Calculation  of  Gas  Generator .  6?5 

24.4.  Selection  of  Igniter .  628 

Bibliography .  631 

Chapter  XXV.  Characteristics  and  Control  of  Thrust  Vector....  632 

25.1.  Characteristics .  632 

25.2.  Concepts  Concerning  Variance  of  Ballistic 

Parameters  of  an  RDTT .  633 

25.3.  Control  of  Thrust  Vector .  637 

Bibliography .  646 

Chapter  XXVI.  Protecting  the  Walls  of  the  Chamber .  647 

26.1.  Means  of  Liquid-Less  Heat  Shielding .  647 

26.2  Accumulation  of  Heat  in  the  Wall .  649 

26.3.  The  Use  of  Refractory  Coatings .  657 

26.4.  Use  of  Ablating  Coatings .  662 

26.5.  Radiation  Cooling .  669 

Bibliography .  672 

Chapter  XXVII.  Selection  of  Optimum  Parameters .  674 

27.1.  Features  in  the  Selection  of  Optimum  Parameters  of 

an  RDTT .  674 

27.2.  Selection  of  Propellant .  679 

27.3.  Selection  of  Sizes  of  Charge  and  Combustion 

Chamber . 683 

27.4.  Selection  of  Pressure  in  a  Combustion  Chamber .  684 

27.5.  Selection  of  Nozzle  Dimensions .  686 

27.6.  Tendencies  in  the  Development  of  RDTT .  689 

Bibliography . .  692 


FTD-MT-24 -116-  '0 


vi i  i 


Part  V.  Combined  Engines  on  Chemical  Propellant..., .  693 

Chapter  XXVIII.  Hybrid  Rocket  Engines .  69^ 

28.1.  General  Information .  69^ 

28.2.  Propellants  for  a  GRD . 696 

28.3.  Some  Arrangements  for  a  GRD .  701 

2 8.4.  Operating  Processes  in  a  Combustion  Chamber .  703 

Bibliography .  710 

Chapter  XXIX.  Combined  Engines  Which  Use  Surrounding 

Medium . . .  712 

29.1.  General  Information .  71? 

29.2.  Rocket-Ramjet  Engines  (RPD) .  713 

29.3.  Turbojet  Engines .  721 

29.^.  The  Possibility  of  Using  the  Atmosphere  of  Other 

Planets . 723 

29.5.  Hydrorocket  Engines .  725 

Bibliography .  729 

Bibliography  to  Entire  Course .  730 

Appendix  1 .  731 

Appendix  II .  732 


FTD-MT-P't-llb-  / 0 


ix 


U.  S.  BOARD  ON  GEOGRAPHIC  NAMES  TRANSLITERATION  SYS  TO! 


Block 

Italic 

Transliteration 

Block 

Italic 

Transliteration 

A 

a 

A 

0 

A,  a 

P 

P 

P 

9 

R,  r 

B 

6 

B 

6 

B,  b 

C 

e 

C 

c 

S,  8 

B 

■ 

B 

t 

V,  v 

T 

T 

T 

m 

T,  t 

r 

r 

r 

t 

g 

y 

y 

y 

y 

U,  u 

n 

a 

a 

9 

D,  d 

* 

♦ 

0 

F,  f 

E 

• 

E 

t 

Ye,  ye;  E,  e* 

X 

X 

X 

X 

Kh,  kh 

M 

M 

M 

a k 

Zh,  zh 

u 

u 

u 

M 

Ts,  ts 

3 

a 

3 

i 

Z,  z 

H 

M 

V 

V 

Ch,  ch 

H 

H 

H 

u 

I,  i 

Ul 

Ul 

w 

w 

Sh,  sh 

R 

« 

ft 

a 

Y,  y 

ill 

Ul 

Ul 

Shch,  shch 

K 

K 

K 

K 

K,  k 

% 

\ 

i 

1 

ii 

n 

X 

n 

M 

L,  1 

fal 

M 

u 

w 

Y,  y 

M 

N 

M 

M 

M,  m 

b 

b 

b 

t 

i 

H 

H 

H 

H 

N,  n 

8 

e 

9 

» 

E,  e 

0 

0 

0 

0 

0,  o 

10 

» 

to 

» 

Yu,  yu 

n 

n 

rt 

H 

P,  P 

* 

■ 

M 

X 

Ya,  ya 

*  ye  initially,  after  vowels,  and  after  bi  e  elsewhere. 
wKen  written  as  b  in  Russian,  transliterate  as  yb  or  b. 
The  use  of  diacritical  marks  is  preferred,  but  such  marks 
may  be  omitted  when  expediency  dictates. 


FOLLOWING  ARE  THE  CORRESPONDING  RUSSIAN  AND  ENGLISH 
DESIGNATIONS  OF  THE  TRIGONOMETRIC  FUNCTIONS 


i 


Russian 

English 

sin 

sin 

eos 

cos 

tg 

tan 

etg 

cot 

sec 

aac 

cosec 

CSC 

ah 

sinh 

ch 

cosh 

th 

tanh 

cth 

coth 

ech 

sech 

cech 

each 

arc  sin 

sin”1 

arc  00a 

cos”1 

arc  tg 

tan”1 

arc  ctg 

oof1 

are  aeo 

■ac"1 

arc  ooaac 

CSC"1 

arc  ah 

sinh”1 

arc  oh 

cosh”1 

arc  th 

tanh”1 

arc  cth 

coth”1 

arc  eoh 

each”1 

arc  each 

each”1 

rot 

curl 

log 

FTD-MT-24 -116-70 


xi 


« 


This  book  treats  general  questions  of  the 
theory  and  calculation  of  thermal  rocket  engines, 
describes  processes  of  ZhRD  and  RDTT  and  considers 
their  characteristics.  The  necessary  information 
about  liquid  and  solid  fuels  for  RD  is  given. 

In  the  2nd  considerably  reworked  edition, 
contemporary  methods  of  thermogas-dynamic  design 
of  processes  in  RD  with  high-temperature  working 
media  have  been  more  fully  explained.  Results 
published  in  recent  years  of  theoretical  and 
experimental  investigations  to  determine  thermo¬ 
physical  features  of  combustion  products  nnd 
characteristics  of  chemically  nonequilibrium 
processes  combustion  and  expansion  are  reflected. 
Considerable  attention  is  given  to  questions  of 
the  specific  character  of  two-phase  flows  and  to 
schemes  of  heat  sphlelding. 

The  book  Is  intended  for  students  of  aviation 
institutes  of  technology  and  departments  and  may 
also  be  useful  to  engineers  and  graduate  students, 
who  specialize  in  rocket  technology.  Tables  36, 
illustrations  257,  bibliography  178  names. 


*  . 


PREFACE 

The  present,  second  publication  of  the  textbook  retains  the 
systematical  structure  accepted  earlier:  the  basic  parameters  and 
general  methods  of  theory  and  design  are  stated  in  conformity  with 
all  types  of  thermal  rocket  engines  (including  nonchemical);  questions 
specific  for  chemical  rocket  engines,  which  operate  on  various  forms 
of  fuel  are  considered. 

In  Part  I  of  the  book  preliminary  information  is  given  about 
rocket  engines,  physical  principles  of  the  creation  of  thrust  are 
stated,  and  basic  engine  parameters  in  their  interconnection ^ilth 
characteristics  of  fuel  and  aircraft  are  considered. 

Part  II  consists .  of  two  divisions.  The  first  is  dedicated  to 
definition  of  theoretical  thermodynamic  characteristics.  Its  basis 
is  design  methods  worked  out  by  the  authors,  successfully  checked, 
and  now  widely  used.  In  comparison  with  the  first  publication,  this 
division  has  been  augmented:  methods  of  determination  of  thermophysical 
features  of  combustion  products,  new  variants  of  thermogas-dynamlc 
calculatldn  of  ideal  processes,  and  methods  of  extrapolation  and 
Interpolation  of  thermodynamic  characteristics  have  been  included  in 
it.  In  the  second  division,  rewritten,  contemporary  methods  of 
calculation  of  Imperfect  and  nonequilibrium  processes,  determinations 
of  specific  heat  flows  and  shapings  of  nozzle  are  given. 
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Part  III,  dedicated  to  liquid  rocket  engines,  ha.'  :  een  comp  1c* ten 
with  information  on  fuels,  new  senemes  of  organization  of  procedur  e-  , 
and  means  of  liquid  cooling  and  control  of  the  thrust  vector. 

Part  IV,  in  which  solid-propellant  rocket  engines  are  considered, 
likewise  contains  new  information  on  fuels,  means  of  liquidless  heat 
shielding,  and  control  of  thrust  vector.  The  method  of  interior- 
ballistic  engine  design  has  been  revised. 

The  distribution  between  Parts  III  and  IV  of  material  pertaining 
to  means  of  heat  shielding  and  control  of  the  thrust  vector  is  somewhat 
conditional.  Part  III  describes  means  applicable  predominantly  for 
ZhRD,  but  some  of  them  could  be  used  even  for  RDTT.  In  Part  IV  are 
considered  means  suitable  mainly  for  RDTT,  although  their  utilization 
for  ZhRD  as  well  is  not  excluded. 

In  Part  V  combined  engines  running  on  chemical  fuel  are  examined 
in  greater  detail  than  in  the  first  publication. 

In  preparation  of  the  2nd  publication  of  the  book,  the  authors 
have  taken  into  account  opinions,  remarks  -and  wishes  on  the  first 
publication.  Digital  and  graphic  illustrative  material  involved  In 
systematical  pursuits,  borrowed  from  Russian  and  foreign  literature 
or  based  on  arbitrary  data,  has  been  renovated.  Bibliography  has  been 
expanded  and  renovated. 

The  International  System  of  Units  (SI)  is  used  in  conclusions 
ai.d  a  majority  of  formulas  of  the  book.  Deparatures  are  sometimes 
made  from  it  in  such  cases: 

1)  with  fulfillment  of  thermodynamic  calculation  of  the 
composition  of  combustion  products  and  of  the  processes  in  the  chamber  — 
in  connection  with  the  use  of  reference  data  not  translated  into  the 
SI  system; 


2)  in  illustrative  materials  pertaining  to  thrust  (kgf)  and 
specific  thrust  (kgf-s/kg)  for  the  purpose  of  free  utilization  and 
comparison  cf  extensive  data  presented  in  traditional  units. 

The  book  has  been  revised  by  the  author  of  the  first  publication 
together  with  his  colleagues,  who  also  prepared  part  of  the  new 
material.  Chapters  XI,  XII,  XIV,  and  XXIII  were  written  by  Candidate 
of  Technical  Sciences,  Lecturer  A.  F.  Dregalin;  Chapters  XIII,  XV, 
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[Translator's  Note:  divergences  in  superscript  positioning  will 
be  noted  throughout  the  document.  They  were  entered  in  the  trarslati 
just  as  they  appeared  in  the  original  document.] 


BASIC  ABBREVIATIONS  AND  CONVENTIONAL  DESIGNATIONS 


PA  ~  RD  - 
TPA  ~  GRD  - 
WPA  -  ZhRD  - 
PATT  -  RDTT  - 
XPA  -  KhRD  - 
3PA  -  ERD  - 
BPA  -  VRD  - 
nB PA  -  PVRD  - 
TPA  -  TRD  - 
PITA  -  RPD  - 


Abbreviations 

rocket  engine; 
hybrid  rocket  engine; 
liquid-propellant  rocket  engine; 
solid-propellant  rocket  engine; 
chemical  rocket  engine; 
electrical  rocket  engine; 
airbreathing  Jet  engine; 
ramjet  engine; 
turbojet  engine; 
ramjet  engine; 


Conventional  Designations 


a  —  velocity  of  sound;  coefficient  of  thermal  conductivity 
a  -  excess  oxidant  ratio;  heat-transfer  coefficient; 

-  coefficient  isobaric  of  expansion; 

-  isothermal  compression  coefficient; 

S  -  specific  Impulse  of  pressure  (consumption  complex); 
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molar  and  specific  heat  capacity  at  constant  pressure; 
molar  and  specific  neat  capacity  at  constant  volume; 
diameter; 
internal  energy ; 

relative  expense  of  auxiliary  fuel;  Erosion  ratio;  emissivity 
factor; 

coefficient  of  loss  of  complete  impulse; 
cross  section  area; 

relative  area  (geometrical  degree  of  expansion); 

consumption  of  the  working  material  per  second;  weignt; 

weight  fraction;  acceleration  of  gravity; 

coefficient  of  dynamic  viscosity; 

complete  enthalpy; 

total  impulse; 

equilibrium  constant  with  respect  to  partial  pressures; 
thrust  coefficient  (thrust  complex); 
ratio  of  specific  heat  capacities; 

weight  stoichiometric  coefficient  of  ratio  of  fuel  components 
weight  coefficient  of  ratio  of  fuel  components; 
molar  stoichiometric  coefficient  of  ratio  of  fuel  components; 
molar  coefficient  of  ratio  of  fuel  components; 
length;  work; 

relative  fuel  content  on  craft; 

reduced  velocity;  coefficient  of  thermal  conductivity; 

Mach  number; 

mass  number  of  rocket  ; 

power; 

number  of  moles;  near,  index  of  isentrepr; 


n 


v  -  exponent  in  formula  of  combustion  rate  of  solid  fuel; 
coefficient  of  kinematic  viscosity; 

n  -  perimeter; 

n  -  degree  of  lowering  of  pressure  (degree  of  expansion); 

P  —  thrust; 

PyA  “  specific  thrust  (specific  or  single  impulse); 
p  —  pressure ; 

Ap  —  pressure  drop; 

Q  -  heat ; 

q  —  specific  heat  flow; 

Rq  —  universal  gas  constant; 

R  —  specific  gas  constant; 
r  —  radius ; 

q  -  density; 

S°  -  standard  molar  entropy; 

S,  s  -  molar  and  specific  entropy; 

o  -  electrical  conductivity;  coefficient  of  restitution  of 
pressure  ; 

T  —  absolute  temperature; 

t  -  temperature  in  °C; 

t  —  time;  tangential  stress; 

t  -  delay  of  fuel  ignition  (induction  time); 

t  —  time  fuel  stays  in  combustion  chamber; 

x  —  fuel  conversion  time; 

np 

u  -  linear  rate  of  combustion  of  solid  fuel; 

V  -  flight  speed;  volume; 
v  —  specific  volume; 

V  -  final  velocity  of  flight; 
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—  impulse  coefficients; 
w  —  velocity  of  working  body; 
x  —  mole  fraction  of  gas  component; 
z  —  weight  fraction  of  condensed  phase 
fl  —  surface  area. 


Subs  crlpts 


— 

adiabatic ; 

r 

— 

fuel; 

t 

— 

gas  ; 

AB 

— 

engine ; 

m 

— 

liquid; 

3 

— 

frozen,  delays; 

h 

— 

at  altitude; 

— 

ideal  [perfect]; 

HP 

— 

critical; 

H  .  C 

— 

combustion  chamber 

H 

— 

saturated; 

HP 

— 

nonequilibrium; 

OH 

— 

oxidant ; 

onT 

— 

optimum; 

n 

— 

in  a  vacuum; 

P 

— 

equilibrium; 

c 

— 

nozzle ; 

CT 

— 

wall,  turbine; 

T 

— 

f  ue  1 ; 

m 

— 

turbine ; 
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t  -  theoretical; 
y,4  •  specific; 

x  —  cold; 
a  -  equi valent ; 

3  h  —  experimental; 

3<t>  -  effective  ; 
z  —  condensed; 

*  -  f s uperlinear)  -  pertains  to  parameters  of  stagnation  flow. 

Sections  of  Engine  Chamber 
I  -  beginning  of  neat  supply; 

A  —  diaphragm  (for  RDTT)  [retainer  or  grain  support]; 
h  -  exit  from  combustion  chamber; 

Hp  —  critical; 


c  —  nozzle  exit . 


PART  I 

PHYSICAL  PRINCIPLES  AND  BASIC  PARAMETERS 
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;i  A  r  T  E  R  I 

IliTROD  JCTION 

This  chapter  give.-  preliminary  information  about  a  family  of 
rocket  engines,  characteristic  criteria  and  distinctive  characteristics 
of  their  various  types.  The  basic  (Pfl)  [RD  —  rocket  engine]  schemes, 
the  nistory  of  their  development  and  the  range  of  contemporary 
utilization  are  briefly  examined. 

1 . 1 .  Types  of  Rocket  Engines 

Rocket  engines  are  jet  [reactive]  engines.  The  force  necessary 
for  motion  is  the  thrust  they  create,  converting  a  certain  original 
(priory)  energy  into  the  kinetic  energy  of  a  jet  stream.  The  magnitude 
of  thrust  is  proportional  to  the  velocity  of  the  jet  stream  and  its 
mass  ejected  in  a  unit  of  time. 

The  jet  stream  of  rocket  engines  is  formed  from  substances  stored 
on  the  craft,  but  the  environment  is  not  used  for  this  purpose.  In 
this  respect  rocket  engines  differ  from  air-breathing  jets  and  hydrojets, 
which  create  a  jet  stream,  using  the  surrounding  medium  —  air  or  water. 
The  term  (rocket)  in  explicit  form  does  not  reflect  this  distinction, 
but  it  is  traditionally  widely  used. 

The  primary  energy  utilized  in  rocket  engines  can  be  chemical, 
nuclear,  and  solar  energy.  The  source  of  chemical  energy  for  RD  is 
chemical  socket  fuels  —  substances  or  sets  of  substances  able  to 


;  i  _  v  _ 


release  heat  as  a  result  of  chemical  reactions.  The  source  of  nuclear 
energy  is  nuclear  rocket  fuels  —  substances  or  sets  of  substances  able 
to  liberate  energy  as  a  result  of  nuclear  fission  of  heavy  elements, 
nuclear  fusion  of  light  elements  or  radioactive  decay.  The  source  of 
solar  energy  is  the  radiation  of  the  sun. 

In  accordance  with  the  type  of  primary  energy  utilized  in  an 
engine,  chemical ,  nuclear,  and  solar  rocket  engines  differ.  The  latter 
two  types  are  frequently  combined  and  given  the  name  nonchemical  RD. 

In  processes  of  conversion  of  primary  energy  into  kinetic  energy 
of  the  Jet  stream  the  working  medium  (working  substance)  of  the 
rocket  engine  takes  part.  The  jet  stream  is  the  final  form  of  the 
working  medium.  Depending  on  the  original  form  of  the  working  medium, 
two  characteristic  cases  can  be  distinguished. 

Energy  releasable  by  chemical  rocket  fuels  is  imparted  to  products 
of  their  reaction,  which  are  the  working  medium  of  chemical  RD.  In 
other  words,  chemical  rocket  fuels  are  simultaneously  also  sources 
of  energy  and  sources  of  working  medium. 

In  nonchemical  RD  reaction  products  are  rarely  used  as^,a  working 
medium.  Inasmuch  as  their  mass  is  negligible.  In  the  vast  majority 
of  cases,  a  special  working  medium  receiving  energy  from  an  Independent 
source  'a  nuclear  or  radioisotope  reactor  on  a  concentrator  of  solar 
radiation)  is  used.  The  energy  source  and  working  medium  are 
initially  divided.  Energy  is  supplied  to  the  working  medium  only 
in  the  chamber  —  the  energy  converter. 

Figure  1.1  shows  the  schematic  diagram  of  a  rocket  engine  running 
on  chemical  fuel  and  having  an  independent  energy  source. 

An  important  criterion  according  to  which  rocket  engines  are 
classified  is  means  of  acceleration  of  working  medium.  For  many 
engines  this  is  thermal  acceleration,  i.e.,  conversion  of  heat  into 
kinetic  energy.  Such  engines  are  called  thermal . 
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Jet  stream 


a) 


Jet  stream 


Fig.  1.1.  Schematic  diagrams  of  a  rocket 
engine:  a)  running  on  chemical  fuel;  b) 

with  an  independent  energy  source. 


The  type  of  primary  energy  utilized  in  thermal  RD  can  be  various. 
As  can  be  seen  from  Table  1.1,  where  characteristic  parameters  of 
various  types  of  rocket  engines  are  presented,  thermal  engines  are 
all  chemical  RD  and  some  are  variants  of  nuclear  and  solar  engines. 

For  processes  of  conversion  of  energy  in  thermal  RD,  two  stages 
are  characteristic.  The  first  is  communication  of  heat  to  the 
working  medium  either  in  the  chamber  where  the  chemical  fuel  reacts, 
or  in  the  heat  exchanger,  which  obtains  energy  from  an  independent 
source.  In  certain  cases  the  working  medium  can  be  heated  by 
intermediate  (secondary)  energy,  for  example,  electrical  energy 
(variant  8  in  Table  1.1).  The  second  stage  is  conversion  of  heat 
to  kinetic  energy,  or  thermal  acceleration  of  the  working  medium 
carried  out  in  the  Jet  nozzle. 

The  Jet  stream  leaving  the  nozzles  of  thermal  RD  consists  of 
gaseous  and,  possibly,  condensed  products  of  combustion  or  heating. 
Sometimes  it  is  a  low-temperature  plasma. 

In  a  majority  of  thermal  RD  heat  is  supplied  to  the  working 
medium  at  constant  or  almost  constant  pressure.  Figure  1.2  shows 
the  character  of  change  in  parameters  of  the  working  medium  through 

V"  *•  f'  - qV*  • 


Table  1.1.  Characteristic  parameters  of  rocket  engines  of  various  types 


Fig.  1.2.  Change  in  parameters  along  the 
channel  a  thermal  rocket  engine. 


Thermal  HD  are  included  among  engines  with  a  limited  exhaust 
velocity  of  jet  stream.  For  chemical  RD  the  limitations  are  the 
nature  of  the  fuel  and  the  maximum  temperature  permissible  for  t;  e 
design  materials;  for  RD  with  nr.  independent  energy  source,  the 
maximum  temperature  of  heating  of  the  working  medium  is  also  condition 
by  the  temperature  permissible  for  the  body. 

As  can  be  seen  from  Table  1.1,  a  majority  of  thermal  RD  have 
relatively  low  specific  weight  (the  ratio  of  engine  weight  to  the 
maximum  thrust  developable  by  it)  and  are  able  to  impart  to  crafts 
considerable  accelerations  a  in  comparison  with  gravity  on  the  surface 
of  the  earth  .  For  them  large  expense  of  mass  of  working  medium 
per  unit  of  thrust  is  characteristic.  This  determines  the  basic  task 
fulfilled  by  such  engines:  acceleration  of  heavy  crafts  to  high 
(space)  velocities  in  circumplanetary  and  interplanetary  flights  with 
relatively  short  work  of  the  engines. 

A  characteristic  feature  of  electrical  rocket  engines  is 
acceleration  of  tne  working  medium  with  the  aid  of  electrical  energy. 
The  latter  can  be  obtained  by  means  of  various  conversions  of  certain 
primary  energy.  Thus,  for  Instance,  nuclear  energy  can  be  converted 
into  heat  in  a  reactor-heat  exchanger,  then  into  mechanical  energy 
in  a  turbcmachine  and  into  electrical  energy  in  an  electric  generator. 


Fleet  rival  acceleration  of  the  working  medium  can  guarantee  very 
hign  exnaust  velocities  and,  consequently,  small  expense  of  the  mass 
neing  ejected  per  unit  of  thrust.  Exhaust  velocity  can  !:  e  regulated 


over  wide  limits.  The  jet  stream  of  an  (3PJ3,)  [ERD  -  electrical 
rocket  engine]  is  a  neutral  plasma.  Table  1.1  gives  the  characteristic 
parameters  of  two  basic  types  of  ERD:  electromagnetic  (also  called 
plasma  or  magnetohydrodynamic)  and  electrostatic  (ionic).  In  the 
first  of  them  (variant  9)  the  working  medium,  high-temperature  plasma, 
is  accelerated  because  of  action  of  an  electromagnetic  field  on  it; 
in  the  second  (variant  10)  the  working  medium  (usually  alkaline 
metals)  is  ionized,  and  ions  are  accelerated  in  a  strong  electrostatic 
field.  To  get  a  neutral  jet  stream  the  beam  of  ions  is  neutralized 
with  electrons. 

As  can  be  seen  from  Table  1.1,  ERD  have  considerable  specific 
weight  and  impart  small  accelerations  to  crafts.  A  limitation  for 
them  is  the  power  of  the  electrical  generator.  An  increase  in  this 
power  is  accompanied  by  a  substantial  weight  increase. 

Utilization  of  ERD  as  basic  engines  of  aircrafts  is  possible 
after  imparting  orbital  velocity  to  the  aircraft  with  the  aid  of 
(XPA)  [KhRD  —  chemical  rocket  engine].  Long  work  of  ERD  can  guarantee 
distant  space  flights  and,  possibly,  achievement  of  escape  velocity. 

The  ERD  can  be  used  likewise  as  auxiliary  engines,  for  example,  for 
orientation  of  aircraft. 

A  special  place  is  occupied  by  so-called  sail  systems,  which 
have  practically  zero  expense  of  mass.  A  radio  Isotope  sail  creates 
thrust  owing  to  the  reaction  of  a  one-sided  leakage  of  alpha 
particles  during  radioactive  decay.  The  thrust  created  by  the  solar 
sail  is  caused  by  pressure  of  solar  radiation  on  the  reflective 
surface.  Sail  systems  are  engines  of  limited  thrust.  The  magnitude 
of  the  latter  is  limited  by  the  maximum  area  of  the  reflective  surface. 
Characteristic  parameters  of  sail  systems  are  presented  in  Table  1.1. 
Their  possible  utilization  is  analogous  to  utilization  of  electrical 
RD  but  is  even  more  limited. 


7 


istic 

d 


Figure  1.3  presents  for  clearness,  the  same  as  Table  1.1, 
characteristic  parameters  of  rocket  engines  of  various  types. 
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Fig.  1.3*  Characteristic 
parameters  of  rocket  engines 
of  various  types  (Numeration 
according  to  Table  1.1). 
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1.2.  Chemical  Rocket  Engines 


Chemical  rocket  engines  have  been  mastered  best  and  are  widely 
used.  The  variety  of  fulfilled  and  developed  KhRD  is  caused  first 
of  all  by  differences  In  fuels  used  and  schemes  of  organization  of 
the  working  process. 


Fuels 

Chemical  rocket  fuels  are  capable  of  exothermal  (with  liberation 
of  heat)  reactions.  The  main  types  of  exothermal  reactions  are  the 
following . 

1.  Comb ustlon.  Combustion  (oxidation)  is  the  main  and  most 
widely  used  means  of  obtaining  heat.  In  a  combustion  reaction 
participation  is  necessary  of  fuels  and  oxidizing  elements  which  can 
be  in  the  composition  of  one  or  more  substances  which  form  fuel. 
Usually  substances  in  which  combustible  elements  prevail  are  called 
fuels ,  and  substances  in  which  oxidizing  elements  prevail  oxidant . 
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2.  Decomposition.  Certain  individual  substances  on  mixtures 
and  solutions  of  substances  are  capable  of  exothermal  decomposition. 

3.  Recombination.  The  energy  release  of  recombination 
(reunification)  of  atoms  or  radicals  having  free  valence  is  quite 
considerable,  and  its  utilization  in  rocket  engines  is  promising. 
However,  the  means  of  industrial  obtaining  and  conservation  of  free 
atoms  and  radicals  in  the  condensed  phase  has  not  yet  been  found. 
Fuels  on  their  base  are  hypothetical. 

The  basis  of  classification  of  chemical  rocket  fuels  can  be 
various  criteria.  One  of  the  characteristic  and  general  criteria 
is  the  original  aggregate  state  of  fuels.  Classification  by  this 
criterion  is  given  in  Fig.  L . b . 


Fig.  1.4.  Classification  of  chemical  rocket 
fuels . 


Single-phase  fuel  can  be  liquid  or  solid.  Multiphase  (hybrid) 
fuel  is  a  combination  of  solid  and  liquid  components. 

The  fuel  or  component  in  the  solid  state  is  usually  placed 
directly  into  the  combustion  chamber  of  the  engine,  liquid  fuel  or 
component  is  kept  in  special  vessels  -  tanks  -  whence  it  is  gradually 
supplied  to  the  engine. 
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Unitary  liquid  fuel  is  s  applied  to  the  engine  in  the  form  o'" 
one  liquid.  It.  can  be  an  individual  substance  (single-component  f  .'■!)  , 
or  a  uniform  mixture,  or  a  solution  of  various  substances.  Tv  £ - 
component  liquid  fuel  consists  of  two  components  individually  stored 
and  separately  supplied  to  the  engine  —  fuel  and  oxidant,  which,  in 
turn,  can  ue  individual  substances  or  mixtures  of  substances .  This 
fuel,  also  called  fuel  or  separate  supply,  is  a  basic  contemporary 
liquid  rccKet  fuel.  Util'zation  of  mult  i  component  (usually  n't  more 
than  three  components)  ch  liquid  and  hybrid  fuels  is  also  ccs'i1'.  le. 

So  Lid  rocket  propellants  contain  fuels  and  oxidising  elements 
and  are  unitary.  There  are  two  main  classes  of  solid  fuels.  DID  as i o 
(homogeneous)  fuels  are  a  solid  solution  of  components.  One  of  the 
bases  of  such  a  fuel  is  nitrocellulose;  a  second  is  a  solvent  of  the 
nitroglycerine  type  and  otner  substances.  Mixed  (heterogeneous) 
solid  fuel  is  a  mechanical  mixture  of  fuel  and  oxidant. 

Tiie  difference  of  terms  must  be  emphasized  in  reference  to  fuels 
of  rocket  and  air-breathing  jet  engines.  A  vehicle  wit':  an  air- 
breathing  jet  engine  carries  in  its  tanks  only  one  component  of  fuel. 
The  oxidant  necessary  for  combustion  -  oxygen  —  is  not  carried  by 
tne  craft,  but  is  taken  in  from  the  air  of  the  atmosphere.  Therefore, 
in  the  practice  of  air-breathing  jet  engines  the  idea  "combustible" 
is  identified  with  the  idea  "fuel."  For  rocket  engines  both  fuel  and 
oxidant  are  carried  by  the  craft;  expense  of  the  one  and  the  other 
diminishes  the  general  fuel  reserve,  and,  therefore,  the  ideas 
"combustible"  and  "fuel"  are  essentially  different. 

Detailed  information  on  chemical  rocket  fuels  is  given  in 
Chapters  XV,  XXII,  and  XXVIII. 

Basic  Schemes 

Division  of  chemical  HD  into  characteristic  types  is  based  on 
tne  classification  of  fuels  used  in  them  (Fig.  1.5).  The  types  are: 
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1)  liquid-propellant  rocket  engines  ((WPA)  [ZhRD]); 

2)  solid-propellant  rocket  engines  ((P^TT)  [RDTT]); 

3)  hybrid  rocket  engines  ((TPA)  [GRD]). 

The  most  developed  and  extensive  class  of  chemical  rocket  engines 
is  ZhRD.  Figure  1.5  shows  the  main  varieties  of  ZhRD,  distinguishing 
by  type  of  fuels  (unitary  or  separate  supply),  by  means  of  fuel  feed 
(displacer  or  pumping),  by  means  of  organization  of  the  working 
process  (with  afterburning  or  without  afterburning  of  generator  gas). 
The  most  widespread  combinations  of  these  criteria  are  shown  by  double 
lines . 


Fig.  1.5.  Classification  of 
chemical  rocket  engines. 


The  main  unit  of  ZhRD  is  its  chamber .  which  creates  thrust.  The 
chamber  consists  of  a  combustion  chamber  and  nozzle,  the  construction 
of  which  usually  represents  one  whole.  The  main  part  of  the  combustion 
chamber  is  its  mixing  head  —  a  device  for  injection  and  mixing  of 
fuel  comporfents.  Elements  of  the- mixing  head  are  Injectors  of 
various  types.  Ignition  of  fuel  is  carried  out  by  chemical, 


pyrotechnic,  and  electrical  means;  frequently  components  of  fuel  will 
form  a  self-igniting  fuel.  The  chamber  of  the  ZhRD  is  usually  cooled 
by  one  of  the  components  of  fuel  passing  prior  to  entering  the 
combustion  chamber  through  a  cooling  tract  —  the  space  between  the 
inside  or  fire  wall  and  the  external  or  power  jacket  of  the  chamber, 
connected  by  various  means.  Figure  1.6  gives  the  diagram  of  a  ZhRD 
chamber  operating  on  two-component  fuel. 


Fig.  1.6.  Diagram  of  ZhRD 
chamber  running  on  two-component 
fuel:  1  -  mixing  head;  2  - 

combustion  chamber;  3  —  nozzle; 

4  -  cooling  tract 


A  liquid-propellant  rocket  engine  consists  of  a  chamber  (or 
several  chambers),  systems  of  supply  of  fuel,  systems  of  adjustment, 
auxiliary  units,  engine  frames,  etc.  The  system  of  adjustment  of  a 
ZhRD  carries  out  automatic  maintenance  of  or  a  programmed  change  in 
parameters  of  the  working  process  to  ensure  a  given  value  of  thrust 
and  relationships  of  components  of  fuel,  and  steady  work-  of  the  ZhRD 
and  also  control  of  transient  conditions  (starting,  stopping,  etc.). 

The  electrical,  electronic,  pneumatic,  hydraulic,  phrotechnic,  and 
mechanical  devices  in  the  system  of  automatic  adjustment  are  usually 
called  organs  of  automation. 

A  rocket  engine  Installation  with  a  ZhRD  consists  of  one  or 
more  engines,  fuel  tanks,  systems  of  supply  and  organs  of  automation, 
and  systems  of  bracing. 

Figure  1.7  gives  the  elementary  diagram  of  an  engine  with  a 
ZhRD  having  displacer  fuel  supply.  With  such  a  supply  method,  fuel 
components  are  forced  out  of  the  tanks  with  compressed  and,  possibly, 
hot  gas.  Gas  of  high  pressure  enters  either  from  the  pressure  accumula¬ 
tion  -  balloon,  in  which  it  has  been  stored  earlier,  or  from  a  gas 
generator  -  a  unit  in  which  hot  gas  is  continuously  owing  to  combustion 
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or  decomposition  of  fuel  or  its  components .  In  gas  generations  the 

main  (the  same  as  In  the  engine  chamger)  fuel  or  a  special  auxiliary 
fuel  is  used,  including  solid  fuel.  The  temperature  of  the  generator 
gas  is  limited  by  the  heat  resistance  the  design  elements  on  which  it 
acts.  In  order  not  to  exceed  permissible  temperature,  it  is  necessary 
to  allow  only  incomplete  fuel  combustion,  so  that  a  considerable 
part  of  one  of  the  components  is  ballast.  If  there  is  excess  fuel, 
reducing  generator  gas  is  prepared;  if  there  is  excess  oxidant 
oxidizing  gas  is  prepared.  In  displacer  supply  of  two-compcner.t  fuel, 
there  must  be  two  gas  generators:  a  reducing  one  for  supercharging 
the  fuel  tank  and  an  oxidizing  one  for  an  oxidant  tank. 


Fig.  1.7.  Diagram  of  ZhRD 
with  displacer  fuel  feed:  1  — 
pressure  accumulator;  2  - 
reducer;  3  -  organs  of  automa¬ 
tion;  4  —  fuel  tank;  5  -  engine 
chamber. 

Designations:  Oh  =  Oxidant; 

T  =  Fuel. 

A  system  of  displacer  supply  also  has  reducers,  maintaining 
assigned  supply  pressure,  locking  devices,  and  other  organs  of 
automation.  In  connection  with  high  pressure  in  fuel  tanks,  the 
weight  of  the  system  is  considerable,  and,  therefore,  its  use  is 
limited  to  engines  with  low  thrust  and  short  operating  time. 

More  widespread  In  ZhRD  is  a  pumping  supply  of  fuel.  The  drive 
of  pumps  is  usually  carried  out  from  a  gas  turbine.  Characteristic 
is  a  turbopump  unit  (THA)  [TNA  -  turbopump],  usually  representing 
1  general  grouping  of  turbine  and  pumps.  The  turbine  is  run  with  gas 
or  steam  at  high  pressure  and  moderate  temperature.  The  ras  or  stream 
Is  prepared  either  in  a  liquid  gas  generator,  or  in  the  ''oollnp-  trac4: 
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fuel , 


of  the  chamber,  wnere  the  coolant  Is  evaporated  (usually  one  of  the 
components  of  fuel).  To  drive  the  turbine  it  is  also  possible  b, 
use  gas  removed  from  the  main  combustion  chamber. 

Figure  1.8  gives  the  diagram  of  a  ZhRD  with  a  turbonump  supply 
of  fuel  without  afterburning  of  generator  gas.  The  latter  after 
operation  on  the  turbine  is  ejected  into  the  surrounding  medium 
through  auxiliary  nozzles,  wnich  are  frequently  steering  nozzles  . 
Generator  gas  consists  of  products  of  incomplete  combust  ior. ,  and 
it  is  expanded  in  tne  auxiliary  nozzles  less  than  in  the  nozzle  of 
the  main  chamber.  Therefore,  the  economy  of  utilization  of  fuel 
supplied  to  the  gas  generator  is  lower  than  the  basic  fuel.  In 
a  sene, me  witnout  afterburning  of  generator  gas,  lowering  ' f  economy 
is  additionally  caused  cy  the  TNA  drive. 
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Fig.  1.8.  Diagram  of  ZhRD  with  pumping 
fuel  feed  without  afterburning  of  generator 
gas:  1  -  tanks  of  basic  fuel;  2  -  pumps  of 

fuel  and  oxidant;  3  -  gas  generator;  4  - 
tank  of  auxiliary  fuel;  5  —  pump  of  auxiliary 
fuel;  6  —  organs  of  automation;  7  -  engine 
chamber;  8  -  turbine;  9  -  exhaust  of  gas 
behind  turbine. 


Figure  1.9  gives  the  diagram  of  a  ZhRD  with  afterburning  of 
generator  gas  in  the  main  chamber.  Here  generator  gas,  passing 
through  the  turbine,  is  sent  to  the  combustion  chamber.  Through  the 
gas  generator  they  usually  let  pass  the  entire  expense  of  one  of  the 
components  and  a  small  part  of  the  expense  of  another,  preparing 
either  reducing  or  oxidizing  gas.  Tne  remaining  large  part  of  the 
second  component  in  the  liquid  phase  enters  the  combustion  chamber, 
where  afterburning  takes  place.  In  contrast  with  an  engine  without 
afterburning,  where  both  components  are  supplied  to  a  combustion 
chamber  ir.  the  liquid  state  (scheme  of  organization  of  the  "liquid- 
liquid"  type),  in  a  ZhF!'  with  afterburning ,  the  '•ombusti'n  chamber 
operates  e:i  •■'as  and  1 1  q •; ' d  ( 1  quM"  ~  '  . 


Fig.  1.9.  Diagram  of  a  ZhRD  with  pumping 
supply  of  fuel  and  afterburning  of  generator 
gas  in  main  chamber  (one  gas  generator): 

1  —  fuel  tanks;  2  —  pumps;  3  -  gas  generator; 
4  —  turbine;  5  -  organs  of  automation;  6  — 
engine  chamber. 


The  scheme  with  afterburning  of  generator  gas  in  the  main  chamber 
is  energetically  more  advantageous  than  the  scheme  without  afterburning 
for  the  reason  that  in  ZhRD  with  afterburning,  all  the  fuel  is  used 
under  optimum  conditions,  in  which  complete  release  of  heat  and  its 
conversion  into  kinetic  energy  is  ensured. 

Figure  1.10  shows  one  additional  variant  of  ZhRD  with  afterburning 
of  generator  gas.  Here  there  are  two  turbines  and  two  gas  generators 
operating  on  them,  one  of  which  prepares  reducing,  and  the  other 
oxidizing  gas.  The  chamber  combustion  is  entered  by  two  gaseous 
components  which  burn  there  ("gas-gas"  scheme). 
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Fig.  1.10.  Diagram  of  ZhRD  with  pumping 
supply  of  fuel  and  afterburning  of  generator 
gas  in  main  chamber  (of  two  gas  generators): 
1  —  tanks  of  fuel;  2  —  pumps;  3  -  gas 
generators;  4  —  turbines;  5  -  organs  of 
automation;  6  -  engine  chamber. 


Figure  1.11  gives  a  simplified  ZhRD,  in  which  the  turbine  operates 
on  hydrogen  gasified  and  preheated  in  the  cooling  tract.  The  process 
in  the  combustion  chamber  is  organized  according  to  the  "gas-liquid" 
diagram.  A  system  of  pumping  fuel  is  more  complex  than  a  system  of 
displacer  supply,  but  under  certain  conditions  is  more  advantageous 
in  connection  with  less  weight  of  fuel  tanks  not  under  high  pressure. 


vari 

and 


15 


Fig.  1.11.  The  ZhRD  with  drive  of 
turbine  by  gas,  obtained  in  the 
cooling  tract  of  the  chamber:  1  - 
pressure  accumulator;  2  —  tanks  of 
fuel;  3  -  pumps;  4  —  turbine;  5  - 
organs  of  automation;  6  —  engine 
chamber. 


r 

A  characteristic  property  of  a  solid-propellant  rocket  engine 
ng 

is  the  placing  in  the  combustion  chamber  of  a  whole  supply  of  fuel 

in  the  form  of  fuel  charges  of  determined  form.  A  fuel  supply 

system  is  absent.  Ignition  of  fuel  is  carried  out  by  a  special 

igniter.  Combustion  proceeds  on  the  surfaces  of  charge  not  protected 

by  armored  coating.  As  a  rule,  a  RDTT  does  not  have  liquid  cooling, 
ng 

The  system  of  adjustment  in  RDTT  is  called  upon  to  solve  the  same 
problems  as  in  ZhRD  (excepting  ratio  control  of  fuel  components), 
however,  its  possibilities  are  still  considerably  less  than  in  ZhRD. 


♦ 


Figure  1.12  gives  the  elementary  diagram  of  the  RDTT. 


r 


os 


Figure  1.12.  Solid-propellant  rocket 
engine:  1  -  armoring  covering;  2  — 
housing;  3  -  padding;  4  -  nozzle; 

5  —  nozzle  insert;  6  —  fuel;  7  - 
igniter. 


The  schematic  diagram  of  a  hybrid  rocket  engine  is  shown  in  two 
variants  in  Fig.  1.13.  As  it  appears,  GRD  combines  elements  of  ZhRD 
and  RDTT. 
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Pig.  1.13*  Diagram  of  hybrid  rocket 
engine:  a)  liquid  oxidant  -  solid 

fuel;  b)  liquid  fuel  —  solid  oxidant. 
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Characteristic  Properties 

The  possibilities  of  chemical  rocket  engines  are  interesting  to 
compare  with  the  possibilities  of  highly  developed  and  widely  used 
air-breathing  jet  engines.  From  Pig.  1.14  it  is  evident  that  the 
possibilities  of  aircrafts  with  (BPJJ)  [VRD  —  air-breathing  jet  engines] 
(to  say  nothing  of  engine-propeller  units)  are  substantially  limited 
by  height  and  velocity  of  flight.  Within  the  limits  of  relatively 
dense  layers  of  atmosphere,  the  limitations  are  the  aerodynamic 
supporting  power  of  the  wing  and  maximum  permissible  aerodynamic 
heating.  At  heights  of  more  than  30-40  km  utilization  of  VRD  is 
practically  excluded  because  of  the  low  density  of  air  necessary  for 
engines . 


Fig.  1.14.  Ranges  of  utilization  of 
aircrafts  with  engines  of  various 
types:  A6  -  limit  of  carrying 

capability  of  wing;  6B  -  limit  of 
permissible  aerodynamic  heating;  I  - 
crafts  with  a  propeller-driven 
device;  2  -  with  (TP£)  [TRD  —  turbo- 

^  at-  T  DiTDn  — 

ramjet  engine]. 
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Utilization  of  chemical  RD  in  the  dense  layers  cf  Mie  atmosi  h.  re 
separates  the  mentioned  limitations,  and  beyond  earts.  atmc.  phere 
I'ocket  engines  are  singularly  suitable.  The  main  reason  is  the 
capability  of  a  rocket  engine  to  operate  without  utilization  of 
surrounding  medium. 

Furthermore ,  a  characteristic  feature  of  chemical  PD  is  extremely 
high  concentration  cf  gerr.  rated  power  per  unit  weight  and  volume . 

This  causes  a  high  tnrus t -weight  ratio  of  crafts  (ratio  cf  thrust 
to  weight  of  craft)  ana  .nigh  accelerations  and  flight  speeds. 

An  important  feature  of  chemical  RD  is  trie  large  expense  of 
fuel  per  unit  of  thrust ,  which  is  explained  by  the  need  to  transport 
and  spend  in  the  engine  not  only  fuel  but  also  oxidant.  The  time  of 
work  of  the  engine  is  limited  by  reserves  of  fuel  on  the  craft  and 
is  relatively  short. 

The  ZhRD  are  engines  of  high  thermal  intensity  and  more  flow 
rate.  High  pressures  and  oiten  unfavorable  physical  and  chemical 
features  of  fuels  even  more  than  redouble  position.  In  connection 
with  this  chemical  RD  have  a  relatively  short  serv: ne  life,  which 
for  RDTT  will  be  tens  and  hundreds  of  seconds,  ind  for  ZhRD  minutes 
and  hours . 

With  the  generality  of  the  characteristic  criteria  mentioned, 
various  types  of  ZhRD  have  their  peculiarities.  Thus,  during 
comparison  of  engines  running  on  solid  and  liquid  fuel,  it  is 
discovered  that  RDTT  are  simpler  In  design  and  operation,  retain 
constant  readiness  for  work  for  a  long  time,  and  are  very  reliable. 

At  the  same  time  they  are  Inferior  to  ZhRD  in  effectiveness,  that  is 
caused  by  features  of  fuels,  and  have  fewer  possibilities  of  regulation 
of  thrust,  of  repeated  starting,  etc. 

In  connection  with  suer,  distinctions  each  type  of  engine  has  its 
most  rational  range  cf  utilization  and  types  of  tasks  executable  by 
then. 


Utilization  of  Rocket  Engines  and  Generators 
of  the  Working  Medium 


Engines 

Rocket  engines  are  applied  in  battle  and  space  rockets,  aircraft, 
and  certain  underwater  crafts  (see  Chapter  XXIX). 

Their  utilization  is  widest  and  most  effective  on  space  rockets 
intended  for  launching  automatic  or  piloted  crafts  and  artificial 
satellites  of  planets.  Engines  of  space  rockets  have  the  highest 
absolute  and  specific  parameters  and  are  structurally  highly  perfected 
and  reliable.  Examples  are  engines  of  the  Soviet  rocket-space  systems 
"Vostok,"  "Voskhod,"  "Soyuz,"  "Proton,"  "Kosmos,"  "Zond,"  and  others. 

Engines  of  space  are  divided  with  respect  to  purpose  in  the 
following  manner. 

1.  Main  (carrier)  engines,  which  provide  acceleration  of  craft 
on  the  active  section  of  flight.  Main  engines  of  space  rockets  are 
predominantly  ZhRD  -  the  predominating  engine  model  in  contemporary 
cosmonautics.  The  thrust  of  main  engines  reaches  tens  and  hundreds 
of  tons. 

2.  Auxiliary  engines,  to  which  belong  steering  (vernier) 
engines,  serving  for  control  of  flight  according  to  the  assigned 
program;  correcting  engines,  switched  on  in  space  flight  to  correct 
direction  and  velocity  of  the  craft;  braking  engines,  used  for 
landing  (leaving  orbit  and  actually  landing),  and  also  for  braking 
individual  stages  of  multistage  rockets  during  their  separation. 
Steering,  correcting  and  brake  engines  have  relatively  low  thrust 
(up  to  hundreds  of  kgf ) .  They  are  predominantly  ZhRD  and  sometimes 
RDTT. 


Also  auxiliary  engines  are  engines  of  systems  of  orientation  and 
stabilization  of  aircraft,  and  also  individual  RD  serving  for  movement 
and  maneuvering  of  an  astronaut  in  floating  flight  outside  the  cabin. 
Orientational,  stabilizing  and  individual  engines  usually  develop 
very  low  thrust  (kilograms  and  grams),  they  are  aften  called  microrocket 
engines .  Besides  chemical  RD,  electrorocket  engines  are  starting  to 
be  used  as  microrocket  engines. 

Figure  1.15a  shows  the  Soviet  three-stage  rocket-carrier  "Vostok," 
and  Fig.  1.15b  gives  a  look  at  the  engines  of  its  first  and  second 
stages.  On  the  first  stage  there  are  4  ZhRD  RD-107,  and  on  the  second 
1  ZhRD  RD-108.  The  engines  operate  on  liquid  oxygen  and  kerosene. 

The  RD-107  (Fig.  1.16)  is  a  four-chamber  engine  with  two  steering 
rocking  chambers.  The  engine  thrust  in  a  vacuum  is  102  T.1  The 
RD-108  (Fig.  1.17),  in  contrast  with  TD-107,  has  4  steering  chambers, 
other  units  of  automation,  and  a  frame.  Its  thrust  in  a  vacuum  is 
96  T. 

Figures  1.18  and  1.19  show  the  Russian  ZhRD,  RD-214,  and  RD-119, 
utilized  on  the  "Kosmos"  rocket-carrier.  The  four-chamber  engine  of 
the  first  stage  RD-214  is  first  powerful  serial  rocket  engine  in 
the  USSR  running  on  high-boiling  nitrogen-oxygen  oxidant  and  the 
products  of  processing  of  kerosene  as  rule.  Its  thrust  in  a  vacuum 
is  74T.  A  single-chamber  engine  of  the  second  stage  RD-119  operates 
on  liquid  oxygen  and  asymmetrical  dimethy lhydrazine  and  developes 
a  thrust  of  11  T  in  a  vacuum.  The  engine  has  steering  nozzles  for 
control  of  flight  with  respect  to  pitch,  course,  and  roll. 

Figure  1.20  shows  some  American  ZhRD,  intended  for  spacecraft. 

Chemical  RD  are  widely  used  as  engines  of  military  pilotless 
rocKets.  Such  crafts  are  usually  divided  into  four  groups,  defining 
each  of  them  by  starting  place  and  final  target. 

‘More  detailed  information  about  the  RD-107  and  other  engines 
mentioned  below  are  given  in  Appendix  I. 
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Surface-to-surface  missiles  starting  from  earth  and  having  a 
terrestrial  target  are  usually  ballistic  missiles.  The  flight  path 
of  these  rockets,  excepting  the  initial  section  on  which  the  rocket 
is  accelerated  by  the  engine,  is  the  trajectory  of  a  projectile. 
Ballistic  missiles  can  be  short-range,  medium  range,  and  long-range 
rockets.  The  possibilities  of  the  latter,  usually  multi-stage,  are 
very  great.  At  present  near  the  surface  of  the  earth  the  distance 
of  flight  of  ballistic  rockets  is  unlimited.  A  very  high  velocity 
of  flight  permits  covering  huge  distances  in  a  short  time.  A  hit- 
accuracy  of  the  rocket  is  high. 

Winged  rockets  are  also  surface-to-surface  missiles. 

Surface-to-air  missiles  start  from  earth  and  must  reach  a  certain 
air  object.  Anti-aircraft  rockets  are  a  means  of  anti-aircraft 
defense  considerably  more  effective  than  usual  artillery  of  the  type. 
Antimissiles  intended  for  interception  of  ballistic  rockets  belong 
here . 

Air-to-surface  missiles  include  ballistic  missiles  launched 
from  aircraft  carriers,  and  likewise  aviation  bombs  and  torpedoes 
equipped  with  engines.  Utilization  of  a  rocket  engine  provides  great 
distance  and  accuracy  in  attacking  ground  targets. 

Finally,  air-to-air  missiles  are  aviation  rocket  projectiles, 
both  guided  and  unguided.  Advantages  of  such  a  weapon  are  high  fire 
power  in  the  absence  of  recoil,  simplicity  and  relatively  small  weight. 

It  must  be  noted  that  In  a  given  classification  the  Idea  of 
surface  as  a  place  of  launch  on  target  of  a  rocket  must  be  broadly 
construed  in  connection  with  the  fact  that  It  Is  possible  to  launch 
rockets  from  surface  vessels  or  submarine,  and  it  is  equally  possible 
to  attack  these  ships  with  rockets. 

Among  engines  of  pilotless  rockets  RDTT  are  used  in  addition  to 
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Chemical  RD  are  sometimes  used  even  on  aircraft .  In  contrast 
with  pilotless  aircraft  for  single  utilization,  piloted  aircraft 
are  intended  for  repeated  utilization  with  return  to  the  airfield. 
Aircraft  equipped  with  rocket  engines  possess  high  velocity,  climbing 
rote  and  cons iderab le  altitude.  They  have,  however,  serious 
deficiencies.  As  a  result  of  a  iarge  specific  expense  of  f ue i  ,  flight 
of  aircraft  with  a  working  engine  is  possible  only  for  a  very  limited 
time.  The  radius  of  action  of  trie  aircraft  in  this  case  is  small. 

The  aircraft  can  be  used  either  as  a  destroyer-interceptor  for 
repulsion  of  bomb  raids,  or  as  experimental  craft  for  investigations 
at  supersonic  velocities  and  great  neights.  According  to  communications 
of  the  foreign  press,  such  aircraft  have  reached  flight  speeds  of 
more  than  6600  km/h  and  a  height  of  108  km. 

It  Is  p<..  stle  to  Uwe  a  rocket  engine  cn  an  aircraft  simultaneously 
with  an  air-breathing  jet  engine.  Combination  of  an  RD  and  a  turbojet 
or  direct-flow  VRD  provides  the  aircraft  with  bread  ranges  of  speed 
and  heights  with  considerable  time  and  radiu..  of  action.  in  this 
case  the  air-breathing  jet  engine  with  small  specific  fuel  consumption 
is  the  main  engine,  and  the  RD  is  an  accelerator  of  maneuvers  switched 
on  only  for  a  brief  increase  of  the  flight  velocity  or  altitude  on  a 
starting  accelerator. 

Of  chemical  rocket  engines  used  for  other  purposes,  let  us  note 
engines  for  underwater  torpedoes  and  submarines  (see  Chapter  XXIX). 

Ouch  engines  are  not  always  purely  rocket  (autonomous)  engines, 
because  utilization  of  the  surrounding  medium  -  sea  water  is  usually 
provided  for  their  work. 
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Rocket  engines  are  widely  used  to  drive  rocket  carts  (sleds)  moving 
on  a  railway.  The  purpose  of  such  devices  is  various  kinds  of  testing 
of  aviation  and  rocket  technology  connected  with  high  velocites  and 
considerable  overloads. 
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Generators  of  Working  Medium 

In  recent  years  utilization  of  rocket  chambers  as  generators  of 
working  medium  with  high  energy  parameters  has  considerably  expanded. 

By  burning  chemical  rocket  fuels  or  heating  various  substances  with 
the  aid,  for  example,  of  electric  power,  workined  media  can  be  obtained 
with  a  high  concentration  of  heat  or  kinetic  energy.  The  chemical 
composition  of  such  workined  media,  usually  called  low-temperature 
plasma  in  industry,  and  their  temperature,  pressure,  and  escape  velocity 
can  be  regulated. 

Low- temperature  plasma  is  now  used  in  various  branches  of 
technology:  heat-power  engine  ring,  chemistry,  machine  building, 
metallurgy,  mining  and  others. 

The  problems  of  generation  of  low-temperature  plasma  and  control 
of  its  parameters,  research  on  features  of  working  substances  in 
conformity  with  aircraft  engines  and  industrial  devices  have  much  in 
common. 

/ 

1.4.  Brief  Survey  of  the  Development 
of  Rocket  Engines 

Rocket  Engines  on  Solid  Fuel 

The  oldest  jet  engine  is  the  RDTT,  known  for  sever:. 1  hundred 
years  and  previously  called  the  powder  rocket .  Such  rockets  have 
been  widely  used  since  ancient  times  as  flares,  signal  and  combat 
rockets.  In  the  Nighteenth  Century  in  a  number  of  countries  of 
Europe  there  was  formed,  as  a  specific  type  of  armament,  rocket 
artillery  distinguished  for  its  lightness  and  maneuverability. 
Considerable  successes  in  this  field  were  also  achieved  by  Russia. 
Fundations  were  laid  in  the  epoch  of  Peter  I,  who  took  an  active 
part  in  the  work  of  the  special  "rocket  institute."  In  the  beginning 
of  the  Nighteenth  Century  active  work  was  done  in  the  field  of  battle 
rockets  by  General  A.  D.  Zasyadko  (1779-1873),  who  created  new  models 
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of  rockets  and  light  launch  bays  for  them.  A.  D.  Zasyadko  was  the 
initiator  of  wide  introduction  into  the  Russian  army  of  that  time 
of  a  new  rocket  weapon. 

The  original  creator  of  Russian  rocket  artillery  was  the 
outstanding  scientist-artilleryman  General  K.  I.  Konstantinov  ( 1 8l 8—  71 ) • 
In  the  middle  of  the  past  century  K.  I.  Konstantinov  widely  ran 
scientific  tests  the  results  of  which  were  used  in  designs  of  new 
rockets.  He  was  the  organizer  of  mass  mechanized  and  safe  production 
of  powder  rockets.  The  works  of  K.  I.  Konstantinov  allowed  a 
considerable  increase  in  the  range  and  accaracy  of  rocket  weaponry. 

The  Russian  revolutionary  and  member  of  "Narodnaya  Volya" 

N.  I.  Kibal'chich  (1853-81)  was  the  author  of  the  first  rocket  in 
the  world  for  manned  flight.  In  his  project  created  in  1881  before  his 
execution,  Kibal'chich  described  a  powder  engine,  a  program  mode  of 
combustion,  means  of  control  of  flight  by  means  of  slanting  the  engine, 
etc . 

The  most  valuable  ldess  of  Kibal'chich  were  buried  in  the  archives 
of  the  Tsar's  police  and  became  the  property  of  scientists  only  after 
the  Great  October  Socialist  Revolution. 

** 

At  the  beginning  of  1921  in  Moscow  on  the  initiative  of  N.  I. 
Tikhomirov,  the  first  Russian  research  and  experimental-design 
laboratory  on  rocket  technology  was  created.  Relocated  in  1927  to 
Leningrad  it  received  the  name  gas-dynamic  laboratory  ((Tfl/l)  [GDL]). 

In  GDL  in  1927-33  with  the  active  creative  participation  of  V.  A. 
Artem'yev,  B.  S.  Petropavlovsk ,  G.  E.  Langemak  and  others  powder  was 
created  with  nonvolatile  solvent  and  gun-powder  accelerators  for 
launching  aircraft  and  rocket  projectiles  for  various  purposes  were 
developed.  Subsequent  development  of  these  works  because  the  basis 
of  creation  of  rocket  mortars  ("Katyusha  rocket  launchers")  effectively 
used  in  the  great  Fatherland  War  (WW  II). 
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Work  with  RDTT  was  conducted  between  1930-1950  in  the  USA  und^r 
the  leadership  of  T.  von  Karman  and  others. 

At  the  present  time  in  the  USSR  and  abroad,  numerous  variants  of 
unguided  and  guided  projectiles  with  RDTT  have  been  developed.  A mo nr 
‘.hem  are  solid-propellant  rockets  of  very  large  sizes  add  long  flying 
ranges,  including  Intercontinental  ballistic  missiles. 

Liquid-Propellant  Rocket  Engines 

Development  of  1 iquid-propel lant  rocket  engine  began  at 
approximately  the  turn  of  the  century.  During  this  period  V. 
bases  of  the  theory  of  reactive  motion  and  mechanics  of  bodies  of 
variable  mass  were  formed.  In  the  development  of  these  que"1 ' ens 
the  role  of  the  outstanding  Russian  scientists  N.  E.  ZhukovcKiy 
(1847-1921),  1.  V.  Meshcherskiy  (1859-1935)  and  others  has  been 
cons iderable . 
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however,  the  greatest  contribution  to  the  development  of  problems 
of  Jet  propulsion  were  the  works  of  the  famous  Russian  scientist 
K.  B.  TsioLkovskiy  (1857-1935),  rightly  considered  the  founder  of 
contemporary  cosmonautics  and  rocket  technology.  Having, begun  to 
take  an  interest  in  problems  of  jet  propulsion  in  1883,  Tsio ikovskiy 
after  long-standing  strained  work  published  in  1903  the  work 
"Investigation  of  near-earth  space  with  jet  devices,"  which  has 
gained  a  world-wide  reputation.  In  this  work  Tsioikovskiy  derived  the 
laws  of  motion  of  rockets  as  bodies  of  variable  mass  in  space  without 
weight  as  well  as  in  the  field  of  gravity,  supported  the  possibility 
of  utilization  of  rockets  for  interplanetary  communications,  determined 
r1ciency,  and  Investigated  many  other  questions.  For  the 
u  ’  •  in  the  world,  Tsioikovskiy  proposed  a  new  type  of  engine  — 

the  . ‘  ,  •  i-propeLlant  rocket  engine  -  developed  bases  of  its  theory, 
and  showed  the  elements  of  Its  design.  He  examined  and  recommended 
the  utilization  of  various  fuels  for  ZhRD.  Tsioikovskiy  offered  the 
use  of  fuel  components  for  regenerative  cooling  of  the  engine  and 
expressed  a  number  of  other  technical  ideas.  In  subsequent  years 
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Tsiolkovskiy  published  a  series  of  works  on  important  questions  of 
the  development  of  consmonautics  and  rocket  construction.  Specifically, 
in  1929  the  work  "Space  rocket  trains"  was  published  in  which  for  the 
first  time  the  theory  of  the  specific  type  of  component  rockets  was 
presented . 

A  considerable  place  in  the  works  of  Tsiolkovskiy  was  occupied  by 
problems  of  interplanetary  navigation  and  the  prospect  of  their 
development.  He  developed  routes  of  space  flights,  studied  conditions 
of  life  and  works  of  people  in  space,  and  foresaw  the  creation  of 
artificial  earth  satellites,  interplanetary  stations,  and  settlements. 

The  first  followers  of  Tsiolkovskiy  in  our  country  were  the  gifted 
scientists  and  inventors  P.  A.  Tsander  (1887-1933)  and  Yu.  V. 

Kondratyuk  ( 1897-19 *42 ) . 

F.  A.  Tsander  even  in  his  student  years  studied  the  works  of 
Tsiolkovskiy  and  was  interested  in  questions  of  space  flights.  In 
192*4  he  presented  his  main  idea  -  combination  of  a  rocket  with  an 
aircraft  for  takeoff  from  earth  and  subsequent  combustion  of  the  metal 
part  of  the  aircraft  as  fuel  for  the  RD.  Tsander  performed  theoretical 
investigations  of  various  questions  of  air-breathing  jet  and  rocket 
engines  and  began  work  on  their  practical  realization. 

Yu.  V.  Kondratyuk  worked  independently  of  Tsiolkovskiy.  His 
main  theoretical  investigation  "The  conquest  of  interplanetary  space" 
(1929)  partly  repeated  and  supplemented  the  works  of  Tsiokovskiy; 
some  problems  found  a  new  solution.  Specifically,  Yu.  V.  Kondratyuk 
offered  as  fuel  for  engines  certain  metals  and  their  hydrogen  compounds 
for  example,  boron  hydria. 

By  the  same  means  as  Tsiolkovskiy,  but  later  than  him,  scientists 
of  foreign  countries  came  to  the  idea  of  creation  of  liquid-propellant 
rockets . 
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Works  dedicated  to  this  problem  were  published  by  R.  Esnaut- 
Pelterie  in  Prance  (1913),  R.  Goddard  in  the  USA  (1919),  and  G.  Opert 
in  Germany  ( 19 23)- 

K.  E.  Tsiolkovskiy  did  not  conduct  experimental  works  on  the 
creation  of  ZhRD.  This  problem  was  solved  by  his  students  and  followers 
both  in  thf  USSR  and  abroad. 

In  the  USA  experimental  work  was  started  by  R.  Goddard  (1882-1945), 
who  proposed  many  different  technical  solutions  in  the  field  of 
creation  of  engines  and  rockets.  In  1923  Goddard  carried  out  the 
first  launching  of  an  experimental  ZhRD  running  on  liquid  oxygen  and 
gasoline,  and  in  1926  the  first  flight  of  an  experimental  liquid- 
propellant  rocket. 

In  Germany  bench  tests  of  ZhRD  were  started  by  G.  Obert  in  1929, 
and  flight  tests  of  liquid-propellant  rockets  by  I.  Winkler  since 
1931.  Since  1937  under  the  leadership  of  W.  von  Braun,  the  V-2 
rocket,  powerful  for  those  times,  was  developed,  the  flight  tests  or 
which  were  started  in  1942. 


In  the  USSR  experimental  work  on  realization  of  the  ideas  of 
Tsiolkovskiy  began  i.5  May  1929,  when  in  the  GDL  in  Leningrad  the 
first  experimental-design  subdivision  for  development  In  electrical 
and  ZhRD  was  created  and  approached  practical  activity. 

In  this  subdivision  a  family  of  experimental  ZhRD  was  created 
with  thrust  from  6  to  300  kgf  operating  on  various  low-boiling  and 
high-boiling  liquid  oxidant  with  liquid  fuels.  The  engines  had  the 
designation  (OPM)  [ORM  -  experimental  rocket  motor]. 

The  first  Soviet  experimental  ZhRD,  ORM-1,  (Fig.  1.21)  was 
developed  and  built  in  1930-31.  The  fuel  of  the  engine  was  nitrogen 
tetroxide  and  toluene  or  liquid  oxygen  and  gasoline.  During  a  test 
on  oxygen  fuel  ORM-1  developed  thrust  up  to  20  kgf. 
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Fig.  1.21.  The  first  Russian 
experimental  ZhRD  ORM-1,  worked 
out  at  the  GDL  in  1930-31. 


In  the  period  1930-33  a  series  of  ZhRD  from  ORM-1  to  ORM-52  was 
created  in  GDL.  The  most  powerful  was  the  ORM-52  (Fig.  1.22),  which 
operated  on  nitric  acid  and  kerosene.  It  developed  thrust  up  to  250- 
300  kgf  at  a  pressure  in  the  combustion  chamber  of  20-25  bar. 
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In  GDL  many  practical  questions  of  creation  of  ZhRD  were 
successfully  solved  for  the  first  time.  A  mixture  of  nitric  acid 
with  nitrogen  tetroxide,  chloric  acid,  tetranitromethane ,  hydrogen 
peroxide,  three-component  fuel  (oxygen,  hydrogen  and  beryllium)  and 
others  was  proposed  for  the  first  time  in  1903  as  components  of 
rocket  fuel.  Ceramic  heat  insulation  of  combustion  chambers  with 
zirconium  dioxide  were  created  and  systems  of  mixing  components  and 
ignition  were_  mastered .  Since  1931  there  has  been  used  pyrotechnic 
ignition  (by  gun-powder  cartride)  and,  chemical  Ignition  proposed 
for  the  first  time  (with  the  use  of  self-igniting  fuel) .  At  tne  same 
time  a  profiled  nozzle  and  a  cardan  suspension  of  the  engine  were 
proposed.  In  1931-32  piston  fuel  pumps  driven  by  gas  removed  from 
the  combustion  chamber  of  an  RD  were  developed  and  tested,  and  in 
1933,  a  design  of  a  turbopump  unit  with  centrifugal  fuel  pumps. 

The  problems  of  rocket  technology  which  were  attracting  wide 
attention  were  worked  out  by  many  Soviet  enthusiasts  on  social 
principles.  Their  unification  was  called  Group  for  the  Study 
of  Jet  Propulsion  ((f'HP/U  [GIRD]).  Such  public  organizations  at 
Osoavlakhim  [Society  for  Assistance  to  the  Defense,  Aviation,  and v 
Chemical  Construction  of  the  USSR]  were  created  in  1931  in  Moscow  ' 
(MosGIRD)  and  Leningrad  (LenGIRD),  and  later  in  other  cities.  Amon^ 
the  organizers  and  active  workers  of  MosGIRD  were  F.  A.  Tsander  ^ 

(its  first  leader),  S.  P.  Korolev,  V.  P.  Vetchinkln,  M.  K.  Tikhonravov, 
H.  A.  Pobedonostsev  and  others.  MosGIRD  developed  wide  lecture  and 
press  propaganda,  organized  courses  on  the  theory  of  jet  propulsion 
and  began  work  with  the  design  of  aviation  ZhRD  OR-2  (the  Tsander 
project)  for  rocket  aircraft  RP-1.  Tn  1932  in  Moscow  a  scientific- 
research  and  experimental-design  organization  for  development  of 
"c'-’.cets  and  engines,  also  named  GIRD,  was  created.  The  basic  personnel 
of  MosGIRD  entered  this  organization,  and  S.  P.  Korolev  became  its 
chief. 

Engines  developed  at  GIRD  used  liquid  oxygen  as  oxidant  and 
gasoline  and  ethyl  alcohol  as  fuel.  The  first  ZhRD  of  Tsander,  OR-2, 
was  tested  18  March  1933  on  oxygen  and  gasoline;  its  subsequent  modifi¬ 
cation  (engine  02)  operated  on  oxygen  and  ethyl  alcohol. 
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Engine  09,  intended  for  t,he  first  Soviet  experimental  liqj  u- 
propellant  rocket  "GIRD-09"  (M.  K.  Tikhonravov  project),  was  a 
hybrid  rocket  engine.  The  oxidant  was  liquid  oxygen  supplied  to 
the  chamber  by  the  pressure  of  its  own  vapors,  and  the  fuel  was 
consolidated  gasoline,  which  was  placed  in  the  combustion  chamber. 

The  first  flight  of  the  rocket  "GIRD-09"  occurred  17  August  193  3  , 
and  on  2b  November  1933  the  GIRD  rocket  "GIRD-Kh"  with  a  ZhRD  operated 
on  liquid  oxygen  and  ethyl  alcohol  was  launched. 

At  the  end  of  1933  in  Moscow  State  Scientific  Research  Institute 
of  the  First  Jet  Propulsion  (RNIT)  was  created  on  the  basis  of  GDL 
and  GIRD.  Specialists  on  ZhRD  who  had  been  at  GDL  developed  in  RNII 
in  193^-38  a  series  of  experimental  engines  from  CRM-52  to  CRM-102 
and  a  gas  generator  GG-1  that  operated  for  several  hours  on  nitric 
acid-kerosene  fuel  with  water  at  a  temperature  of  580°C  and  a  pressure 
of  25  bar.  The  engine  ORM-65  (Fig.  1.23),  officially  tested  in  1936, 
was  the  best  engine  of  its  time.  The  engine  operated  on  nitric  acid 
and  kerosene,  its  thrust  was  regulated  within  the  limits  of  50-175 
kgf,  its  launching  was  multiple,  including  automated  launching.  The 
ORM-65  was  fire-tested  on  flight  vehicles  of  S.  P.  Krr  r  design: 
winged  rocket  212  (flying  1939)  and  the  rocket-gli'  j.8-1  (ground 

1937-33).  On  28  February  19^0  the  flier  V.  N.  Fedoro  -^moleted  the 

first  flight  on  the  rocket-glider  RP-318-1  with  engine  ..DA-1-1.50,  which 
was  a  modification  of  the  ORM-65. 
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In  1941-42  at  the  RNII  the  ZhRD  D-l-A-1100  was  developed  whlth 
operated  on  nitric  acid  and  kerosene  and  which  developed  a  nominal 
thrust  of  1100  kgf.  The  engine  was  destined  for  the  first  Soviet 
aircraft  with  a  ZhRD.  This  aircraft,  BI-1,  was  developed  in  the  same 
years  by  A.  Ya.  Bereznyak  and  A.  M.  Isayev  under  the  guidance  of  the 
chief  designer  V.  P.  Bolkhovitinov.  On  15  May  1942  the  flier  G.  Ya. 
Bakhchivangi  completed  the  first  flight  on  the  BI-1. 

The  GDL,  GIRD  and  RNII  made  a  fundamental  contribution  to  the 
development  of  rocket  engineering  in  the  USSR. 

In  1939  the  Experimental  Design  Office  (0KB)  on  ZhRD  was  created. 
In  the  1940's  0KB  developed  a  family  of  aviation  ZhRD  from  RD-1  to 
RD-3  (Pig-  1.24).  Auxiliary  air-borne  ZhRD  with  pumping  supply  of 
nitric  acid-kerosene  fuel,  chemical  Ignition,  an  unlimited  number  of 
repeated,  completely  automated  launchings,  and  adjustable  thrust  were 
put  through  numerous  tests  in  1943-46,  including  flight  tests  on  the 
aircraft  of  V.  M.  Petlyakov,  S.  A.  Lavochkin,  A.  S.  Yakovlev,  and 
P.  0.  Sukhou  design. 


Pig.  1.2 4.  Airoome  ZhRD  (GDL-OKB):  1  -  RD-1  with  thrust  of  300  kgf; 
2  -  RD-lKh3  with  thrust  of  300  kgf  with  chemical  ignition;  3  - 
modification  RD-lKh3;  4  -  RD-2  with  thrust  of  600  kgf;  5  -  RD-3  with 
thrust  of  900  kgf;  three-chamber  with  TNA  (units  are  shown  under  the 

engines ) . 
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Poat-war  development  of  work  on  rooket-epoce  technology  was 
carried  out  at  a  rapid  rate  and  led,  beginning  In  19*19,  to  regular 
launchings  of  geophysical  and  meteorological  rookete,  and  then  to 
veti Idea  of  another  purpose. 

The  fruitful  work  of  Soviet  scientists,  engineers,  and  workers 
was  crowned  on  4  October  1957  with  a  triumphant  oucoeas  -  the  first 
launching  of  an  artificial  earth  satellite.  This  was  followed  by 
launchings  of  new  satellites  and  space  rookets,  achievement  of  escape 
velocity,  and  flights  of  Interplanetary  automatic  stations.  The 
problem  of  accurate  return  of  the  rocket  ship  to  earth  was  solved 
successfully . 

The  first  manned  flight  Into  outer  space  on  It  April  1961  became 
a  historical  event.  This  flight  was  carried  out  by  the  filer- 
astronaut  Yu.  A.  Oagarln  on  the  space  ship  (Vostok).  This  flight 
marked  the  beginning  of  direct  penetration  of  man  beyond  the  earth 
atmosphere.  The  remarkable  flights  of  the  glorious  pleiad  of  Soviet 
astronauts  brought  many  new  unprecedented  achievements,  Including 
the  first  exit  of  man  from  a  ship^satelllte  Into  open  space. 

The  decisive  factor  In  all  these  successes  was  the  creation  and 
Improvement  In  the  Soviet  Union  of  multistage  rockets,  the  character¬ 
istic  features  of  which  are  enormous  power  of  the  engines  and 
exclusively  high  accuracy  of  systems  of  adjustment  and  automatic 
control . 

An  outstanding  contribution  to  the  development  of  cosmonautics 
v/as  made  by  academician  S.  P.  Korolev  (by  1906-66),  the  leading 
developer  of  the  first  powerful  rocket-space  systems.  S.  P.  Korolev 
was  actually  a  designer  of  rockets,  space  stations  and  ships.  Rocket- 
space  systems  were  developed  by  him  together  with  the  chief  designers 
of  engines,  flight  control  systems,  and  other  onboard  systems,  and  the 
complex  of  ground  launching  equipment.  Work  was  conducted  in  collabor¬ 
ation  with  Scientific  Research  Institutes  of  Industry  and  the  Academy 
of  Sciences  of  the  USSR. 


36 


ne  OKb  which  evolved  from  GDL  developed  in  195^-57  ZhRL'  HD-107 

and  RD-108,  which  considerably  exceeded  in  economy  the  analogous 
American  ZhRD.  In  1952-57  the  RD-211*  was  developed,  and  in  1958-62 
the  RD-119,  also  .having  the  highest  economy  in  their  classes.  Powerful 
engines  of  this  OKB  were  on  all  Russian  rocket-carriers  which  put 
Into  orbit  artificial  satellites,  of  the  Earth,  Sun,  Moon,  automatic 
stations  to  the  Moon,  Venus,  and  Mars;  and  the  piloted  ships  Vostok, 
Voskhod,  and  others. 

The  ZhRD  of  the  multistage  powerful  rocket-carrier  Proton,  which 
bogan  flights  in  1965,  have  been  made  according  to  the  most  perfect 
scheme  and  are  distlnguised  by  high  pressure  in  the  combustion  chamber, 
high  quality  of  the  working  process,  compactness,  and  reliability. 

The  development  of  rocket-spacc  thematics  gave  life  to  new 
creative  collectives  headed  by  the  chief  designers  of  rockets,  space 
ships,  engines,  control  systems  and  launch  systems.  The  created  a 
number  of  remarkable  intercontinental  rockets,  rocket-carriers,  and 
space  objects.  The  basic  type  of  engine  in  all  these  systems  is  the 
ZhRD. 

Electrical  and  Nuclear  Rocket  Engines 

The  possibility  of  utilization  of  electrical  and  nuclear  energy 
in  Jets  was  shown  with  brilliant  sagacity  by  K.  E.  Tslolkovskly  as 
early  as  1912.  This  possibility  was  discussed  also  in  works  of  R. 
Goddard,  0.  Obert ,  Yu.  V.  Kondratyuk,  and  others. 

The  first  theoretical  work  which  treated  of  the  principle  of 
work  of  ERD  of  the  electrothermal  type  and  made  the  necessary  calcula¬ 
tions  was  the  work  "Metal  as  an  explosive  substance.  Jet  engine  with 
high  escape  velocity,"  dated  10  Anril  1929.  The  work  was  approved, 
and  the  author  was  given  the  possibility  of  practically  realizing 
It  at  GDL.  In  the  period  1929-1933  the  first  ERD  of  the  electrothermal 
type  was  developed  and  tested.  In  its  chamber  with  the  aid  of  powerful 
brief  pulses  of  electrical  current  thin  metallic  wires  (or  a  Jet  of 
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electrically  conductive  liquid)  were  exploded.  The  products  of  the 
explosion,  which  are  gases  of  high  temperature,  were  expanded  in  t»  ■ 
Jet  nozzle,  attaining  high  exhaust  velocities. 

No  further  research  was  dont  on  ERD  at  GDL  inasmuch  as  the  main 
attention  was  focused  on  development  of  ZhRD,  as  it  was  more  necessary 
at  that  time  for  practical  utilization. 

It  is  characteristic  that  works  in  the  field  of  ERD  of  various 
schemes  were  activated  in  our  country  and  abroad  after  exit  of 
flight  vehicles  into  space  had  been  provided  for  with  the  aid  of 
ZhRD.  At  present  ERD  are  already  used  in  spacecraft,  mainly  in 
orientation  systems.  In  196^  electrostatic  (ion!  RD  were  tested  in 
flight  on  a  ballistic  trajectory  (USA)  as  well  as  in  the  flight  of 
the  spaceship  "Voskhod"  (USSR).  In  the  same  year  electromagnet! c 
(plasma)  RD  were  tested  in  the  space  flight  of  the  Soviet  robot  space 
station  "Zond-2."  In  1965  on  one  of  artificial  earth  satellites 
launched  in  the  USA,  an  ERD  of  the  electrothermal  type  was  tested. 

The  ERD  are  developed  even  for  long  work  as  main  engines  of  vehicles 
which  reached  orbital  velocity. 

Nuclear  rocket  engines  (RPA)  [YaRD  -  nuclear  rocket  engine] 
are  in  the  stage  of  active  experimental  investigations.  Close  to 
realization  is  a  YaRD  having  a  reactor  with  a  solid  active  zone  and 
using  hydrogen  as  its  working  medium.  Creation  of  YaRD  with  a 
so-called  gas  reactor  [1]  is  promising.  It  is  considered  that  YaRD 
will  be  fulfilled  as  engines  of  high  thrust  utilized  for  acceleration 
of  space  system?  [6j. 

Effective  combination  on  a  rocket  of  chemical,  nuclear  and 
electrical  rocket  engines  will  expand  possibilities  in  the  study 
and  conquest  of  space. 

•• 

a 

In  the  10  years  since  the  moment  of  the  first  breakthrough 
into  space,  in  the  USSR  alone  more  than  250  satellites  weighing  mon- 
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than  736  t  (nut  considering  weights  of  final  Htagea  of  root  eta)  there 
have  been  put  Into  orbits  around  the  earth,  aun,  and  moon,  and  ?? 
stations  weighing  more  than  30  t  have  been  accelerated  to  escape 
velocity.  Some  of  them  have  been  returned  to  earth.  In  the  USA  the 
MApolloN  program  has  successfully  landed  astronauts  on  the  moon. 

Utilisation  of  artificial  earth  satellites  of  the  meteorological, 
extra- long- range  radio  and  television  oommunloation,  navigation, 
geodesic,  geophysical,  astronomical  ana  other  type  opens  new  wide 
possibilities  for  solution  of  problems  of  the  national  economy,  and 
provides  the  most  valuable  scientific  information.  The  rocket- 
nuclear  power  of  the  Soviet  Union  serves  as  a  reliable  stronghold  of 
the  conquests  of  socialism. 


Ahead  are  new  grandiose  problems  in  the  development  of  rocket- 
space  technology  and  of  its  fundamental  principle  -  rocket  engines. 
Solution  of  these  problems  depends  to  a  considerable  extent  on 
successes  In  the  theory  and  practice  of  Russian  rocket-engine  design. 
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CHAPTER  II 
THRUST  OP  THE  CHAMBER  AND  ENGINE 

The  acceleration  of  the  working  medium  necessary  for  creation  of 
Jet  thrust  can  be  obtained  by  means  of  various  effects  on  a  flow: 
geometrical,  flow-rate,  thermal,  mechanical.  Of  them  the  easiest 
to  realize  la  geometrical. 

Obtaining  thrust  by  using  geometrical  nozzles  13  considered  below. 

2.1.  Thrust  of  a  Chamber  with  a  Laval  Nozzle 

The  thrust  of  the  rocket-engine  chamber  Is  the  resultant  all 
forces  applied  to  the  chamber  during  Its  work,  excepting  the  forces 
of  weight  and  of  reactions  of  supports.  This  means  the  thrust  Is 
determined  by  forces  acting  on  the  part  of  the  gaseous  working  medium 
on  the  inside  surface  of  the  chamber,  and  by  forces  of  the  environment 
on  its  external  surface. 

Forces  acting  on  the  part  of  gas  on  the  solid  surface  washed  by 
it  can  be  presented  as  normal  and  tangential:  pressure  p  and  tangent 
stress  of  friction  t. 

The  real  distribution  of  pressure  over  the  external  surface  of 
the  chamber  depends  on  the  arrangement  of  the  chamber  on  the  craft, 
and  the  aerodynamic  form  and  velocity  of  craft.  However,  the  pressure 
on  the  external  surface  of  the  cnambers  is  assumed  constant  and  equal 
to  the  barometric  pressure  of  the  unperturbed  environment  p  . 
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Here  p(i  l;:  the  pressure  of  tn<-  . urround l ng  medium;  T  Is  the  force  acting 
on  a  unit  of  Inside  surface  (the  normal  component  of  thin  force  Is 
the  local  pressure  of  the  working  medium,  and  the  tangential  component 
Is  the  stress  of  friction). 
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It  Is  easy  to  see  that  the  first  term  of  the  right  side  of 
equation  (2.1)  Is  equal  to 
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For  determination  of  the  second  member  let  us  avail  ourselves  of 
the  theorem  of  momentum,  according  to  which  the  resultant  of  external 
forces  acting  on  a  certain  gas  volume  is  equal  to  the  change  per  unit 
of  time  of  the  quantity  of  motion  of  the  working  medium  which  flowed 
through  the  surface  bounding  the  isolated  volume.  Let  us  designate 
the  control  surface  on  the  inside  walls  of  chamber,  as  shown  In 
Fig.  2.1  with  a  dotted  line.  The  motion  of  the  gas  in  the  combustion 
chamber  and  nozzle  will  be  considered  one-dimensional,  continuous,  and 
steady . 


Fig.  2.1.  For  derivation  of  the 
equation  of  thrust  of  a  chamber. 


The  Integral  of  foroea  of  pressure  and  frictions  acting  on  the 
Isolated  volume  can  be  presented  as  the  oum  of  two  quantities: 

Integrals  of  forces  acting  on  the  part  of  the  oontrol  surface  coinciding 
with  the  inside  surfaoe  of  the  ohamber  and  on  the  surface  of  out  of 
the  nozzle: 


S  /S'7-  f  (2.3) 

where  ?  is  the  force  acting  on  the  gas  on  the  part  of  the  inside 
surface  of  the  chamber.  It  is  obvious  that 
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Analogously  (2.2)  can  be  written 

J  pdF~ptFt. 
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The  isolated  volume  is  entered  by  a  working  medium  with  a  quantity 

of  motion  equal  to  zero  (liquid  or  gas  is  supplied  at  a  negligible 

rate),  and  through  area  Fc  in  a  unit  of  time  mass  G  flows  out  at  a 

rate  of  w  .  In  this  way  the  per-second  change  in  momentum  is  equal 
•+•  c 

to  Gwc.  According  to  the  theorem  of  momentum 

Gwc  =  —  J  fdF -f P'FC.  (2.4) 

^njrtP 

Substituting  equations  (2.4)  and  (2.2)  in  expression  (2.1),  we 
obtain 


P=-Gwti-ptFe-\-  pift. 

The  positive  direction  is  the  direction  of  thrust.  Then 
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The  obtained  expression  la  the  baaio  equation  of  chamber  thrust 
with  tho  assumptions  made  earlier  relative  to  regularity  and  continuity 
of  flow.  Rejection  of  these  assumptions  aomewhat  changes  the  form  of 
the  equation  and  will  be  specially  discussed  subsequently. 

The  following  characteristic  cases  of  determination  of  chamber 
thrust  are  of  Interest. 

1.  Thrust  in  a  vacuum,  where  ph  ■  0, 

Pa-GWt  +  PcFc  (2.G) 

As  it  appears,  it  Is  wholly  defined  by  processes  which  proceed 
inside  the  chamber  and  is  total  Impulse  of  flow. 

2.  Thrust  at  any  height,  where  Ph  ^  0, 


Ph  =  Pu—phFf 


(2.7) 


In  formula  (2.7)  It  Is  evident  that  the  Influence  of  the 
surrounding  medium  always  diminishes  chamber  thrust. 

3.  Thrust  in  the  condition  of  equality  of  pressures,  where 


P~Gwc.  (2.8) 

The  absence  In  the  last  formula  of  the  term  p.  F  does  not  mean 

h  c 

that  the  Influence  of  external  pressure  has  disappeared.  The  result 
of  such  pressure  as  before  is  force  PhFc*  It  has  been  excluded  here 
simultaneously  with  the  part  of  positive  thrust  created  by  the  chamber 


Sometimes  the  formula  of  thrusts  for  all  conditions  is  presented 
in  the  following  manner: 


P*=GwtQ, 


(2.9) 
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where  wg^  1m  the  so-culled  effective  exhaust  velocity. 


The  value  of  w^  la  determined  from  the  following  equation 

Cw*  -  0wt  +pJ:t-~PhPc 


whence 


wt  f  t\ 


or,  using  the  continuity  equation: 


(2.10) 


w*  =-•,  +  ,  (2.11) 

'  6t»c 

where  e  Is  the  density  cf  gas  leaving  the  nozzle. 

V 

Obviously,  only  at  pQ  ■  ph  does  the  arbitrary  value  of  effective 

exhaust  velocity  coincide  with  the  value  of  velocity  In  the  output 

section  of  the  nozzle  w  . 

c 

2.2.  Characteristic  Modes  of  Operation 
o"  a  Laval  Nozzle 


The  mode  of  operation  of  the  nozzle  is  determined  by  the 
relationship  of  pressure  on  the  cut-off  of  the  nozzle  and  of  the 
surrounding  medium.  Mentioned  above  was  the  mode  of  equality  of 
these  parameters  pQ  ■  ph«  The  modes  pc  >  p^  and  pc  <  p^  are  also 
possible . 

Let  us  examine  the  physical  picture  of  escape  from  the  nozzle  in 
various  modes . 

In  modes  of  underexpansion  the  pressure  at  the  cut-off  of  the 
nozzle  pc  is  greater  than  the  pressure  of  the  surrounding  medium  p^. 
With  escape  from  a  flat  nozzle  in  these  modes,  complete  expansion 
of  the  jet  behind  the  nozzle  occurs,  which  is  accompanied  by  a  system 
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of  lines  of  weak  disturbance,  but  without  Jumps  of  condensation. 
Escape  from  an  axisymmetrical  nozzle  in  all  modes  of  underexpansion 
is  accompanied  by  appearance  of  jumps  of  condensation.  Jumps  have 
the  form  of  surfaces  of  rotation  with  a  curved  generatrix.  The  form 
of  separate  sections  of  the  jet  is  barrel-shaped. 

Figure  2.2a,  shows  the  spectrum  of  a  Jet  behind  a  conical 
axisymmetrical  nozzle  when  pfi  >  ph.  On  tne  axis  of  the  Jet  curved 
jumps  AB  and  A^B^  are  closed  by  straight  Jump  BB^.  With  an  increase 
in  the  difference  of  pressures.  pc  -  p^  the  Jump  is  moved  aside  from 
the  cut  of  the  nozzle.  At  small  differences  of  pressure,  curved 
jumps  AB  and  A^B^  are  not  closed  by  a  straight  line,  but  even  in 
the  mode  of  equality  (pc  *  ph)  they  continue  to  exist  (Fig.  2.2 b). 


Fig.  2.2.  Spectra  of  gas  Jet  leaving 
conic  expansible  nozzle  in  various 
modes  of  its  operation. 


Modes  of  overexpansion,  when  pc  <  ph,  are  also  accompanied  by 
the  system  of  curved  Jumps  shown  in  Fig.  2.2c. 

Comparison  of  the  work  of  the  nozzle  in  mode  pc  *  p^  and  in  mode 
Pc  ^  Ph>  all  things  being  equal,  is  necessary  for  correct  selection 
of  parameters  of  a  nozzle  in  designing.  Qualitatively  it  can  be 
done  in  the  following  manner. 


Given  that  three  variants  of  a  nozzle  are  designed  for  the  same 
rocket-engine  chamber:  1)  pc  ■  ph;  2)  pQ  <  ph;  3)  pQ  >  ph. 

If  a  conic  nozzle  is  designed,  then  at  a  constant  angle  of  the 
opening  these  nozzles  will  differ  in  length.  In  Pig.  2.3a  the 
considered  nozzles  are  limited  lengthwise  by  sections  3-3 >  1-1*  and 
2-2.  Obviously,  the  longest  of  them  will  provide  mode  pc  <  ph,  and 
the  shortest  mode  pQ  >  p^.  If  the  average  nozzle  for  pc  •  ph  in  a 
particular  case,  then  the  shorter  nozzle  will  operate  with  under- 
expansion,  and  the  longer  one  with  overexpansion. 


Pig.  2.3*  For  comparison  of 
thrust  in  various  modes  of 
operation  of  a  nozzle. 


Let  us  compare  the  thrusts  developed  by  these  nozzles.  As  was 
noted,  the  thrust  is  the  axial  component  of  the  resultant  of  forces 
of  pressure  on  the  external  and  internal  chamber  surfaces  (for 
simplicity  forces  of  friction  are  disregarded).  Therefore,  diagrams 
of  pressures  with  respect  to  the  contours  of  the  chamber  with  various 
nozzles  should  be  compared.  These  diagrams  from  the  left  of  section 
3-3  are  Identical;  therefore,  the  distribution  of  pressures  can  be 
compared  only  in  section  3-1-2. 


In  Fig.  2.3a  it  is  evident  that  in  the  section  of  nozzle  1-2 
external  pressure  everywhere  exceeds  internal  pressure.  The  resulting 
diagram  is  shown  in  Fig.  2.3b.  Let  us  replace  this  diagram  with  one 
resultant  force  and  isolate  in  the  latter  the  radial  and  axial 
components.  The  axial  component  AP^  ^  is  opposite  in  direction  to 
the  direction  of  thrust;  consequently,  section  1-2  diminishes  the  total 
thrust.  The  thrust  of  a  chamber  with  overexpansion  is  less  than  the  J 

thrust  of  a  chamber  operating  in  the  mode  pc  =  ph  by  the  value  AP^  2 . 

In  nozzle  section  1-3  internal  pressure  is  greater  than  external 
pressure,  and  the  resulting  diagram,  as  can  be  seen  from  Fig.  2.3b, 
is  positive.  The  resultant  force  P.  _  equivalent  to  it  has  axial 
component  +APn  coinciding  in  direction  with  thrust.  Consequently, 
section  1-3  creates  positive  thrust.  To  pass  from  a  nozzle,  operating 
in  mode  pQ  *  p^  to  the  nozzle  with  underexpansion,  we  deprive  ourselves 
of  this  section  and  in  this  way  lose  thrust.  The  thrust  of  the  chamber 
with  an  underexpanding  nozzle  is  AP.^  ^  less  than  thrust  P^  Thus 

modes  of  operations  of  nozzles  differing  from  mode  pQ  *  ph  lead  to  a 
lowering  of  chamber  thrust. 

Disturbances  in  the  jet  behind  the  nozzle  cannot  be  shifted 

upstream  on  account  of  the  supersonic  jet  velocity.  However,  in  the 

boundary  layer  near  the  walls  of  the  nozzle  the  velocity  of  flow  is 

subsonic.  This  creates  the  possibility  of  influence  of  the  external 

medium  on  the  flow  inside  the  nozzle.  In  modes  of  underexpansinn  this 

pressure  is  prevented  by  positive  difference  of  pressures  p  -  p,  >  0. 

c  n 

In  modes  of  overexpansion  the  pressure  ph  is  greater  than  the 
pressure  on  the  cut-off  p  .  At  a  rather  large  positive  difference 

V 

Ph  -  Pc  the  boundary  layer  is  detached  from  the  wall  of  the  nozzle  as 

a  result  of  restoration  of  pressure  in  the  slanting  jump  of 

condensation.  The  surrounding  medium  is  sucked  into  the  region  between 

the  wall  of  the  nozzle  and  the  flow  detaching  itself.  The  greater  the  ' 

difference  p^  -  p^  (or  the  ratio  ph/pc>,  the  nearer  to  the  critical 

section  the  system  of  jumps  is  moved.  The  diagram  of  this  movement 

is  given  in  Fig.  2.4. 
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Fig.  2.^.  Picture  of  movement  of 
the  system  of  condensation  jumps 
inside  a  nozzle  in  the  overexpansion 
mode . 


In  contrast  with  all  the  modes  of  underexpansion  and  of  modes 
of  overexpansion  without  entrance  of  jumps  into  the  nozzle,  the  modes 
of  overexpansion  with  jumps  and  detachment  of  flow  inside  nozzles 
lead  to  chambers  in  the  spectra  of  flow  not  only  beyond  the  nozzle, 
but  also  inside  the  expanding  part  of  it.  This  is  accompanied  by  a 
change  of  the  diagram  of  internal  pressure  on  the  walls  of  the  nozzle. 


of  c 


Figure  2.5  gives  idealized  diagrams  of  external  and  internal 
pressure  on  the  walls  of  a  nozzle  operating  with  overexpansion.  Up 
to  the  section  in  which  detachment  occurs  the  flow  does  not  change. 
Therefore,  the  diagram  of  internal  pressure  In  the  section  of  nozzle 
prior  to  detachment  of  flow  will  be  the  same  as  in  the  corresponding 
section  of  a  nozzle  operating  with  the  same  original  parameters 
without  overexpansion.  In  section  2  when  pQ  <  ph  there  is  detachment 

of  flow  from  the  wall.  In  section  2-c  in  the  case  of  overexpansion 

without  detachment  of  flow,  internal  pressure  would  be  considerably 
lower  than  steady-state  pressure  of  the  surrounding  medium  after 
detachment.  In  this  case  the  resulting  influence  of  external  and 
internal  pressure  in  section  2-c  would  create  a  negative  thrust 
component,  i.e.,  it  would  diminish  total  thrust.  In  case  of  over- 
expansion  with  detachment  of  flow  from  the  wall,  in  section  2-c  the 
same  influence  acts  from  without  and  within.  In  this  case  the  negative 
component  of  thrust  does  not  appear.  Consequently,  overexpansion 
with  detachment  of  flow  at  the  same  parameters  on  entering  the  nozzle 
provides  a  higher  value  of  thrust  in  comparison  with  continuous 
overexpansion. 
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Fig.  2.5.  Idealized  diagrams 
of  external  and  internal 
pressures  on  walls  of  nozzle 
without  and  with  breakaway  of 
flow  from  the  wall 


From  what  has  been  said  it  can  be  concluded  that  the  expression 
(2.5/  for  calculation  of  chamber  thrust  is  not  universal,  inasmuch  as 
it  does  not  consider  phenomena  connected  with  detachment  of  the  flow. 
Therefore,  it  is  expedient  to  divide  modes  of  operation  of  the  nozzle 
into  modes  of  continuous  flow  and  modes  of  flow  with  breakaway  of 
flow  inside  the  nozzle.  Expression  (2.5)  is  applicable  only  for  modes 
of  continuous  flow.  The  thrust  of  the  chamber  in  the  nozzle  of  which 
the  flow  is  detached  from  the  wall  is  calculated  somewhat  differently. 

2.3.  Thrust  of  Chamber  in  Modes  with  Breakaway 
of  Flow  Inside  a  Laval  Nozzle 


The  real  picture  of  flow  with  breakaway  is  distinguished  from 
idealized  basically  by  the  presence  of  a  boundary  layer  about  the 
wall  of  the  nozzle.  The  physical  model  of  flow  with  breakaway  and 
W  diagram  of  pressure  on  the  wall  of  the  nozzle  are  shown  in  Fig. 
2.6  . 


ve 


Fig.  2.6.  Model  of  flow 
in  nozzle  with  breakaway 
from  the  wall . 
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In  section  i  at  pressure  thickening  of  the  boundary  layer 
begins.  This  section  is  located  somewhat  upstream  from  the  place 
of  detachment  of  the  flow.  In  the  section  from  the  place  of  thickening 
of  the  boundary  layer  to  the  place  of  flow  detachment  and  downstream, 
there  is  a  gradual  pressure  increase  up  to  the  pressure  of  the 
environment . 

Theoretical  research  on  phenomena  of  breakaway  and,  the  more  so, 
obtaining  final  calculation  dependences  on  the  basis  of  only  theoretical 
prerequisites  is  difficult.  Therefore  in  practice  the  results  of 
experimental  investigations  are  usually  used  in  the  form  of  empirical 
relationships  or  in  the  form  of  charts  .  Below  is  one  of  the  possible 
means  of  calculation  of  thrust  of  a  chamber  with  a  conic  nozzle 
in  the  mode  of  operation  with  detachment  of  the  flow  [3]. 

For  the  sake  of  simplicity  of  calculation  the  whole  range  of 
flow  downstream  from  section  i  is  divided  into  2  subdomains: 

a)  the  subdomain  located  between  section  i  and  the  section  where 
static  pressure  Is  0.95  of  external  pressure  p;  it  embraces  the  zone 
of  Interaction  of  the  slanting  Jump  of  condensation  with  the  turbulent 
boundary  layer; 

b)  the  subdomain  located  downstream  from  the  section  where 
p  ■  0.95  Ph»  to  the  cut  of  the  nozzle. 

The  thrust  of  the  chamber  in  the  mode  with  breakaway  from  the 
wall  is  written  thus: 

F0.9S 

P„t=(Gwi+  p,F,)+  j  pcos  (n,x)- dF  + 

-f  \  pcos(n,  x)-dF  —  p„Ft.  (2.12) 
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Integrals  entering  here  are  calculated  with  empirical  relation¬ 
ships  obtained  on  the  basis  of  experimental  results  of  a  number  of 
works : 

^ass 

j  pcos(n,x)-dF=*  0,55 ( p , -f  0,95 ph)  (FQM - F,)\ 

Ft 

Ft 

j  p cos (n,  x)‘dF  —  0,975 pk (/%  -  F0t96). 

F  0,98 

Then 


(2.13) 

(2 .14) 


f‘oTvm  (Gwf+PiF ()  +0,55(Pi-f  0,95/Ja)  (Fc.ss — Fi) — Pa(0,975Fo,js — 

— 0,025FC).  (2.15) 


The  unknowns  in  this  expression  are  p.^  F^ ,  and  FQ  They 

are  found  in  the  following  manner. 

For  calculation  of  p.^  it  is  possible  to  use  the  empirical  depen¬ 
dence 

2  /  \-o.s 

t  (-?)  •  <2-l6) 


Figure  2.7  gives  results  of  experimental  investigations  [3]  of 
conic  nozzles  with  various  magnitudes  of  aperature  half-angle  of  the 
supersonic  part  a  for  a  number  of  working  bodies.  The  dependence 
curve  (2.16)  is  plotted  there. 

As  it  appears,  this  curve  rather  well  reflects  the  results  of 
experiments  over  a  wide  range  of  relationships  of  pressures. 

Area  Fi  and  velocity  w^  can  be  calculated  with  the  aid  of  usual 
gasdyanmic  relationships,  utilization  of  which  will  be  explained 
suDsequent iy .  The  area  in  section  c,  where  p  =  0.95  p^ ,  can  be  found 
from  the  equation 
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(2.17) 


F  0*  — 


F.-Fv 


2.4 


+r,- 


This  equation  Just  as  equation  (2.16)  is  obtained  on  the  basis  of 
a  mathematical  treatment  of  experimental  results. 


Fig.  2.7.  For  determination  of  parameters 
of  breakaway  with  overexpansion. 


In  this  way  can  be  found  all  quantities  which  enter  formula 
(2.15)  for  calculation  of  thrust  of  a  chamber  with  a  conic  nozzle 
in  wh-ch  there  is  breakaway  of  flow. 

Detachment  of  the  flow  in  a  profiled  nozzle,  as  shown  by  results 

of  experiments  [lJ]  appears  at  greater  pressure  ratios  p. /p  than 

n  c 

occurs  ir.  conic  nozzles.  The  character  of  the  dependence  of  pressure 
ratio  at  the  point  of  breakaway  on  the  ratio  PH*/Ph  la  the  same  as 
for  conic  nozzles.  Therefore,  for  a  tentative  estimate  the  curve 
of  Fig.  2.7  can  be  used. 

2 .  .  Chamber  Thrust  with  Nozzles  of 
Other  Shapes 

In  the  usual  round  Laval  nozzle  the  walls  of  the  supersonic  nart 
are  at  a  rather  small  angle  to  the  direction  of  the  thrust  vector. 
Every  elementary  ring  of  the  supersonic  part  of  a  nozzle  with  radius 
r  and  width  of  dS  perceives  a  force 
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dR  2  nrpdS. 


Part  of  this  force  is  used  for  creation  of  thrust. 


dP^2nrpdS  sin  u. 

Here  a  is  the  angle  of  inclination  of  the  wall  of  the  nozzle  to 
the  axis.  The  relative  magnitude  of  force  useful  to  the  usable 
portion  is  equal  to  sin  at. 

It  is  obvious  that  the  characteristics  of  the  nozzle  can  be 
improved  if  we  increase  the  angle  of  slope  of  ' he  wall  of  the 
supersonic  part  to  the  axis  as  much  as  possible.  However,  in  this 
case  the  magnitude  of  pressure  on  the  wall  must  be  correct.  This 
is  achieved  by  turning  the  gas  flow,  which  is  realized  in  curved 
nozzles  [2]. 

In  the  curved  nozzle  (Pig.  2.8)  the  flow  of  gas  after  passing 
the  critical  section  will  be  inclined  to  the  side  wall  («p-c) 

The  opposite  wall  of  the  nozzle  (up'-c')  will  be  acted  on  by  decreased 
pressure.  Under  some  conditions  this  wall  can  be  generally  removed. 
Then  the  enlarging  part  of  the  nozzle  will  turn  into  a  curved  channel 
^|^n  from  one  side.  Such  a  channel  is  an  element  of  a  nozzle  unit 
whi^  can  be  used  for  creation  of  various  types  of  nozzles  of  rocket 
engines.  These  elements  can  be  placed  on  a  circumference  or  on 
straight  lines. 


Figure  2.9  shows  two  cases  of  forming  of  a  nozzle  unit  by 
rotation  of  element  abode  around  the  axis.  This  type  is  called 
a  ring  nozzle.  Basic  principles  of  shaping  of  ring  nozzles  are 
considered  in  Chapter  XII. 


Fig.  2.9.  Diagram  of  form  of  annular 
nozzles . 


Elements  of  the  surface  of  the  nozzle  creating  thrust  can  be 
almost  perpendicular  to  the  direction  of  thrust.  Therefore,  with 
identical  thrusts  such  nozzles  can  be  considerably  shorter  than  the 
usual  round  Laval  nozzle.  Another  advantage  of  them  is  the  possibility 
of  self-regulation  in  the  overexpansion  mode.  In  these  modes  high 
atmospheric  pressure  tightens  the  boundary  of  the  free  enlarging  jet; 
as  a  result  static  pressure  on  the  wall  of  the  nozzle  increases,  and 
the  unfavorable  effect  of  overexpansion  of  the  flow  is  diminished. 

The  thrust  of  chambers  with  nozzles  of  this  type  is  callecf^n 
the  basis  of  general  definition  (2.1). 

2.5.  Thrust,  Total  Impulse,  Power  of  Engine 

The  engine  can  consist  of  several  chambers;  its  thrust  will  be 
equal  to  the  total  thrust  of  all  chambers. 

In  engines  with  a  turbopump  fuel  supply,  waste  gas  after  the 
turbine  can  be  ejected  through  a  special  output  nozzle  and  create  a 
certain  thrust  AP. 
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With  allowance  for  this  the  engine  thrust  is 


cos  (x,X)+bP. 
1-1 


(2.18) 


Here  n  is  the  number  of  thrust  chambers;  x  is  the  direction  of  the 

axis  of  the  thrust  chamber;  X  is  the  direction  of  the  axis  of  the  j 

engine . 

It  is  sometimes  convenient  to  characterize  the  rocket  engine  by 
the  quantity  of  total  impulse  -  by  the  determined  integral  of  thrust 
taken  in  the  complete  time  of  work: 


(2.19) 


lity 

t; 

d 


According  to  the  value  of  thrust  of  the  rocket  engine  P  and  the 
velocity  V  of  the  aircraft  on  which  it  is  placed,  the  power  being 
spent  to  move  the  aircraft  forward  can  be  defined.  It  is  called 
thrust  power: 


NP-P„V. 


(2.20) 


Also  used  is  determination  of  rocket-engine  power  from  power  of 
the  Jet: 


(2.21) 


Below  are  the  relationships  between  units  of  measurement  of 
thrust,  total  Impulse  and  power  in  the  technical  system  of  units 
as  well  as  in  the  international  system  of  units  (SI): 
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CHAPTER  III 

SPECIFIC  PARAMETERS  OF  THE  CHAMBER  AND  ENGINE 

Such  indices  as  thrust,  total  impulse,  and  thrust  power  are 
parameters  which  depend  on  absolute  quantities  of  expense  of  fuel,  time 
of  action  of  engine,  and  flight  velocity.  Specific  parameters  are 
the  relative  quantities  characterizing  the  effectiveness  of  the  fuel 
used  and  the  perfection  of  engine  design. 

This  chapter  considers  basic  specific  parameters  most  widely 
utilized  in  the  theory  and  design  of  engines. 

3.1.  Specific  Thrust 

The  most  commonly  used  specific  parameter  of  a  rocket  chamber 
and  engine  is  specific  thrust,  i.e.,  thrust  referred  to  mass  flow 
rate  of  fuel  per  second: 


It  is  obvious  that  specific  thrust  is  a  characteristic  of 
economy.  The  higher  the  specific  thrust,  the  less  the  fuel  that 
must  be  spent  to  get  the  assigned  thrust. 

The  specific  thrust  of  the  chamber  is  the  thrust  referred  to 
mass  flow  rate  per  second  of  fuel  being  directly  burned  in  the  thrust 
chamber.  In  accordance  with  equations  (2.6),  (2.7),  and  (2.8)  it  can 
be  writtt  n  thus  : 


in  a  vacuum  (ph  ■  0) 


at  any  height,  where  p^  0: 


in  the  mode  of  equality  of  pressures  pQ  a  ph 

Py„  =  Wc. 


(3.2) 


(3.3) 


(3. 4) 


It  is  evident  also  that 


p  =P 

*j«  '  jr*.n 


Ph 


OcWc 


(3.5) 


In  the  last  expression  two  components  of  specific  thrust  are 

evident:  that  depending  only  on  intrachamber  processes  (P  )  and 

yfl  • n 

that  caused  by  pressure  of  the  surrounding  medium  (quantity  - 


If  we  make  use  of  the  arbitrary  magnitude  of  effective  exhaust 
velocity,  then 


(3*6) 

For  modes  of  overexpansion  occupying  a  specific  position,  with 
detachment  of  the  flow  inside  the  nozzle,  specific  thrust  is  determined 
on  the  basis  of  expression  (2.15)  as 


In  the  SI  system  thrust  P  is  expressed  in  newtons  (N),  flow  rate 
per  second  G  -  in  kg/s,  and  consequently,  P  -  in  N-s/kg.  Because 

J  ^ 

O 

N  *  kg’m/s  ,  the  dimension  of  P  will  be  expressed  in  m/s. 

J 

Thus,  in  the  SI  system  specific  thrust  has  the  dimension  of 
velocity,  and,  as  is  evident  from  expression  (3.6),  it  is  numerically 
equal  to  effective  exhaust  velocity. 

In  technical  literature  the  dimension  of  thrust  is  kgf,  mass  flow 
rate  per  second  is  kg/s,  and,  consequently,  the  dimension  of  Pyfl  is 
kgf* s/kg.  The  dimension  of  P  is  frequently  written  in  s.  In  such 
a  treatment  specific  thrust  shows  that  in  a  few  seconds  thrust  of 
1  kgf  will  be  created  by  a  chamber  which  expended  1  kg  of  fuel. 

In  the  SI  system  the  numerical  value  of  specific  thrust  is 
gQ  *  9.80665  times  greater  than  in  the  technical  system  of  units. 

In  (WPfl)  [ZhflD  -  liquid  propellant  rocket  engine],  besides  the 
basic  fuel  burned  in  thrust  chambers,  auxiliary  fuel  can  be  used  to 
drive  the  units  of  the  system  for  supplying  fuel  and  other  systems. 
Therefore,  in  general  thrust  and  the  mass  flow  rate  of  engine  fuel 
differ  from  thrust  and  the  mass  flow  rate  of  the  chamber,  and 
consequently  specific  thrusts  are  different. 

The  specific  thrust  of  the  engine  is  defined  as  the  ratio  of 
engine  draught  to  complete  fuel  expenditure,  including  the  mass  flow 

n 

rate  of  basic  fuel  in  all  chambers  Y.  G<  and  the  mass  flow  rate  of 

1- 1 

auxiliary  fuel  G  : 

acn 


P  — 

*  VI  IV 


yn.MM  /t 


£0,  +  Gm 


(3-8) 
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Introducing  the  idea  of  relative  expense  of  auxiliary  fuel 


e 


(3.9) 


we  write 


P  =- 

ryi.M 


(1  +  ‘)S  G, 

i- 1 


(3-10) 


Obviously,  specific  engine  thrust  and  specific  chamber  thrust 
are  connected  by  the  relationship 

ya- 

For  ZhRD  with  afterburning  of  generator  gas  in  the  basic  chamber 

e  «  0  and  P  *  .  For  ZhRD  with  separate  exhaust  of  generator 

yp-AB  y,q 

ga»  E  >  0  and  Pyfl.fl8  <  Pyfl.  The  quantity  e  Is  determined  by  calculation 
of  auxiliary  systems,  and  in  the  stages  of  preliminary  design  they 
are  taken  according  to  statistical  data. 

In  (PflTT)  [RDTT  —  solid-propellant  rocket  engine],  where  there^ 
are  no  expenditures  of  auxiliary  fuel,  and  the  chamber  and  engine  are 
identical,  differences  are  not  made  between  specific  thrust  of  chamber 
and  engine.  However,  for  RDTT  other  characteristics  of  specific 
thrust  should  be  noted. 

In  contrast  with  ZhRD  for  RDTT  it  is  very  difficult  to  determine 
Instantaneous  values  of  specific  thrust,  inasmuch  as  it  is  intricate 
to  fix  instantaneous  values  of  fuel  mass  flow  rate.  In  connection 
with  this  specific  thrust  of  RDTT  is  defined  in  interval  of  time  t  (for 
example,  in  the  operating  time  of  the  engine),  as  an  average  value: 


6l 


(3.11) 


3.9) 
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This  quantity  in  practice  of  RDTT  is  usually  called  specific  or 

single  impulse  (frequently  it  is  designated  I  ).  Obviously,  with 

y 

thrust  and  specific  thrust  constant  in  time 


Pvn~P  y 


Having  designated  total  fuel  consumption  for  time  t 


G„—  l  Gdx 


(3.12) 


and  using  the  idea  of  total  Impulse  introduced  earlier  (2.19),  we 
obtain  the  next  expression  for  specific  pulse: 


P  =~ 

y*  G,  • 


(3.13) 


th  amber 


The  range  of  specific  thrust  in  a  vacuum  for  contemporary  ZhRD 
constitutes  300-^50  kgf-s/kg  or  s  (^3000-^500  N-s/kg  or  m/s).  The 
difference  in  range  of  values  is  caused  by  various  fuels  and  conditions 
of  utilization  of  fuel  in  the  engine.  The  specific  thrust  of  certain 
ZhRD  are  given  in  Appendix  I. 
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The  specific  Impulse  of  RDTT,  as  a  rule,  is  lower  than  for  ZhRD. 
Its  values  in  a  vacuum  for  contemporary  engines  reach  250-300  kgf-s/kg 
or  s  (%2500-3000  N-s/kg  or  m/s).  Different  values  within  the  limits 
of  the  range  shown  are  caused  by  the  same  factors  as  for  ZhRD. 

Appendix  II  gives  the  specific  pulses  of  certain  foreign  RDTT. 

Along  with  mass  specific  thrust,  which  is  called  specific  thrust 
for  short,  the  idea  of  volumetric  specific  thrust  is  sometimes  used, 
i.e.,  thrust  referred  to  the  volumetric  expenditure  of  fuel  per  second: 


p  —I— 

y’*  y 


(3.14) 


Obviously,  volumetric  specific  thrust  is  connected  with  specific 
thrust  by  the  simple  relationship 

PjK-v  ™  P  thQt<  (3*15) 

where  qt  —  is  the  density  of  fuel. 

3.2.  Specific  Impulse  of  Pressure  in  the  Chamber 

The  specific  pressure  impulse  in  the  chamber  (the  consumption 
unit)  is  the  quantity 


*P 

- a — *  (3.16) 


where  pjp  is  the  pressure  of  braked  flow  in  the  critical  section  of 
the  nozzle. 


The  numerator  of  this  expression  is  an  unbalanced  force  generated 
because  of  the  gas  pressure  on  a  section  of  the  front  wall  of  the 
combustion  chamber  with  area  F„„  (Fig.  3.1).  Force  p*  Fu„  is  the  part 

K  p  Up  Kp 

of  thrust  created  by  the  chamber.  Referred  to  the  per  second 
expenditure  of  fuel  in  the  chamber,  it  obtains  the  dimension  of 
specific  thrust.  In  this  way  the  specific  pressure  impulse  in  the 
chamber  is  a  component  of  the  specific  chamber  thrust. 


Fig.  3*1.  Determination  of  thrust 
component  p*  F„„. 

Hp  Hp 
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In  the  ideal  case,  in  the  absence  of  irreversible  phenomena 
in  the  subsonic  part  of  the  nozzle,  the  origin  of  force  p*  P  and 

w  K  p  H  p 

its  magnitude  are  not  connected  with  the  nozzle  of  the  chamber  and 
the  conditions  of  its  work.  Such  a  force  appears  even  in  a  combustion 
chamber  with  a  simple  aperture  with  area  F  ,  inasmuch  as  braking 

H  p 

pressure,  i.e., 


P  K  P  Kp. 

is  constant,  where  p^*  is  pressure  of  braked  flow  at  the  entrance  to 
the  nozzle. 

This  pertains  to  the  component  of  specific  thrust  Ip  ,  which 
is  its  important  feature.  M 

For  brevity  we  will  subsequently  call  the  consumption  unit 
simply  a  unit,  designating  It  8 .  When  p*  •  p»  ,  the  recording 

H  H  p 

equivalent  to  expression  (3.16),  looks  like  this: 

pr—fspL.  (3.17) 

G 


The  quantity  8  can  be  obtained  by  theoretical  calculation,  and 
also  in  experiment.  Inasmuch  as  all  parameters  entering  it  can  be 
measured.  A  comparison  of  experimental  values  of  8  with  theoretical 
ones  can  be  used  to  estimate  the  degree  of  completion  of  processes  in 
a  section  of  combustion  chamber. 


3-3*  Thrust  Coefficient 


Let  us  compare  the  thrust  of  chamber  P  and  its  component  PH*F 
The  relationship  of  these  quantities  is  called  thrust  coefficient 
(thrust  complex),  designating  Kp: 


hp’ 


% 


/ 


Kp 


P 
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(3.18) 


or,  in  the  ideal  case 


As  it  appears,  quantity  Kp  is  unmeasurable  and  its  physical 
meaning  is  clear:  the  thrust  coefficient  shows  by  how  much  chamber 
thrust  exceeds  the  component  acting  on  the  front  wall  of  the  combi stion 
chamber.  It  is  obvious  that  the  thrust  coefficient  can  be  d 
as  the  ratio  of  the  specific  thrust  of  the  chamber  to  its 
8: 


(3.19) 


The  thrust  coefficient  is  basically  a  nozzle  characteristic . 
The  relative  contribution  of  the  nozzle  to  the  creation  of  specific 
thrust  can  be  estimated  by  the  quantity 


The  greater  Kp,  the  greater  the  role  of  the  nozzle  in  the  ^ 
creation  of  specific  thrust. 

In  contrast  with  complex  8,  determined  uniquely,  the  thrust 
coefficient  can  take  different  values,  depending  on  the  dimensions 
"  he  nozzle  and  its  mode  of  operation. 

In  accordance  with  the  nomenclature  of  thrust  the  coefficients  of 
thrust  in  a  vacuum  (ph  *  0),  in  random  nozzle  mode  (pQ  ^  p^)  and  in 
the  mode  of  equality  of  pressure  (pc  *  ph)  differ. 

Just  as  the  magnitude  of  unit  0,  the  magnitude  of  Kp  can  be 
determined  theoretically  and  experimentally.  A  comparison  of 
experimental  values  with  the  theoretical  is  useful  for  an  analysis  of 
completeness  of  processes  in  a  real  nozzle. 
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3.4.  Specific  Fuel  Consumption 

A  characteristic  of  rocket-engine  economy  less  commonly  used 
than  specific  thrust  is  specific  fuel  consumption,  i.e.,  the  consumption 
of  fuel  necessary  to  obtain  a  unit  of  thrust  ir.  a  unit  of  time.  By 
definition,  per  second  specific  consumption  of  fuel  is  equal  to 


c  Jig _ 

y*  P  Pyt  kgf  ■  S  * 

and  the  hourly,  to 

r  kg 

y,‘  Pyi  kgf-h* 

As  it  appears,  the  amount  of  specific  consumption 
uniquely  connected  with  the  amount  of  specific  thrust, 
is  characteristic  only  for  rocket  engines  which  do  not 
environment . 

In  ZhRD,  analogously  to  specific  thrust,  we  distinguish  specific 
consumption  of  fuel  of  the  chamber  and  the  engine. 

When  comparing  the  specific  consumption  of  fuel  of  engines  of 
various  types,  it  is  convenient  to  use  specific  fuel  consumption 
per  thrust  power  .  The  quantity  is  the  relationship  of  the 
per  second  or  hourly  consumption  of  fuel  to  thrust  power: 


(3.20) 


(3.21) 

of  fuel  is 
This  feature 
use  the 


or 


JSfL 
kW  •  s 


(3-22) 


r  _ 

U  N  y 


ii£_ 


kW  -  h ' 


(3.23) 


3  i  S  Of* 


It  is  also  possible  to  evaluate  fuel  consumption  per  unit  of 
jet  power.  Specific  consumption  in  this  case  is  determined  thus: 


or 


(3.2H) 


C, 


36000  kf 

klTh1 


(3-25) 


Specific  Weight  of  the  Engine 


*  The  specific  weight  of  the  engine  is  the  ratio  of  engine  weight 
in  the  working  state  (for  a  ZhRD  filled  with  fuel  components)  to 
the  thrust  generated  by  it : 


(3.26) 


For  rocket  engines  of  the  first  stage,  weight  pertains  to  thrust 
on  earth j  for  the  rest  to  thrust  in  a  vacuum.  The  most  commonly 
used  dimension  of  specific  weight  of  an  engine  is  kg/T. 

The  quantity  to  a  known  extent  defines  the  design  completeness 
of  an  engine.  All  things  being  equal,  an  engine  with  lower  specific 
weight  is  perferred. 

The  specific  weight  of  a  ZhRD  depends  on  the  purpose  and  layout 
of  the  engine,  the  type  of  fuel  being  used  and  thrust.  Figure  3.2 
gives  for  orientation  certain  statistics  on  specific  weight  of  ZhRD. 

The  weight  characteristics  of  ZhRD  are  considerably  better  than  those 
of  air-breathing  Jet  engines. 


67 


Pig.  3.2.  Specific  weight 
of  some  ZhRD. 


Weight  of  RDTT  is  difficult  to  separate  from  the  weight  of  the 
rocket  on  the  whole.  Therefore,  usually  the  weight  completeness  of 
the  whole  rocket  is  usually  evaluated.  Indexes  used  in  this  case 
are  considered  in  Chapters  IV  and  XXVII. 
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CHAPTER  IV 

INTERCONNECTION  OF  ROCKET,  ENGINE, 

AND  FUEL  PARAMETERS 

This  chapter  considers  the  interconnection  of  the  parameters  of 
the  rocket,  the  engine  and  the  fuel  used.  The  effect  of  engine 
indexes  and  of  characteristics  of  fuel  on  the  basic  rocket  parameters 
is  evaluated. 


4.1.  Connection  Between  the  Engine 
and  the  Rocket  Parameters 


The  most  important  parameters  of  a  rocket  are  velocity ,  height 
and  distance  of  flight  with  a  definite  payload.  The  determinant 
factor  is  the  maximum  velocity  of  rocket  achieved  by  it  at  the  moment 
of  termination  of  the  engine  work  (at  the  end  of  the  powered  flight 
segment) . 

The  maximum  increase  in  the  velocity  of  the  rocket  during  its 
flight  outside  the  field  of  gravity  and  in  the  absence  of  aerodynamic 
resistance  is  determined  by  the  Tsiolkovskiy  formula: 

Ap^n*x  “  ^ra»x — Vo—  In  (in,  (4.1) 

where  VQ  is  the  initial  velocity  of  the  rocket;  w  is  effective 
exhaust  velocity;  y  is  the  mass  number  of  the  rocket  determined  by 

K 

the  ratio  of  weights  of  the  rocket  at.  the  moment  of  launching  H  and 

\J 

at  the  moment  of  termination  of  engine  operation  G  : 

H 
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M<<  =da/G„. 


(4.2) 
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If  the  Initial  velocity  of  the  rocket  is  zero,  then  equation 
(JJ.l)  determines  the  so-called  ideal  (characteristic)  velocity  of 
the  rocket 


Hk- 


(4.3) 


Since 


WaQ--P  ya, 


then 


^»a  — M’K-  (  4 . 1) ) 

In  the  presence  of  forces  of  gravity  and  of  aerodynamic  resistance, 
the  velocity  of  the  rocket  at  the  end  of  powered  flight  will  be  less 
than  ideal.  This  velocity  is  called  final  velucity;  it  is  equal  to 

VK=Vw-bV3.T-6Vt.e,  (4.5) 

where  6V  denotes  losses  of  velocity  due  to  the  earth's  gravity; 

3  •  T 

6V  denotes  losses  of  velocity  caused  by  the  aerodynamic  drag  of 
a.  c 

the  rocket . 

For  a  multistage  rocket  the  velocity  of  the  last  stage  at  the 
end  of  the  powered  segment  is  equal  to  the  sum  of  AV^  for  each  of 
the  stages 


i-i 


K  /• 


moreover  for  the  upper  stages  velocity  losses  caused  by  aerodynamic 
drag  are  insignificant  and  can  be  disregarded.  Selection  of  rocket 
parameters  which  would  provide  maximum  velocity  V  at  assigned 

K 
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launching  weight  or  minimum  launching  weight  at  assigned  final  velocity 
VH  is  in  general  very  complex,  and  requires  conducting  joint  ballistic 
and  weight  analysis.  However,  when  the  rocket  parameters  are  known, 
the  connection  between  the  characteristics  of  the  rocket  stage  and 
engine  can  easily  be  established.  It  is  common  both  for  a  single-stage 
rocket  and  for  a  stage  of  multistage  rocket. 

Thus,  the  main  factors  which  determine  the  value  of  ideal  or 
final  velocity,  are  specific  thrust  of  engine  and  mass  number  of  the 
rocket . 

To  illustrate  the  importance  of  an  Increase  of  Pyfl  let  us  give 
some  examples.  Figure  4.1  shows  a  change  in  the  range  of  flight  of 
a  ballistic  rocket  with  change  in  specific  thrust  of  engine  to 
1  kgf*s/kg  The  effect  of  specific  thrust  increases  with  an 

increase  in  the  range  of  flight.  For  an  intercontinental  ballistic 
missile  with  a  flight  range  of  11,000  km  and  a  specific  thrust  in  a 
vacuum  of  310  kgf*s/kg,  Increase  in  the  range  of  flight  with  an 
increase  of  PyA  per  unit'is  approximately  170  km,  and  with  increase 
of  P  ♦  1<  it  is  more  than  500  km.  The  effect  of  specific  thrust  is 
diminished  with  an  Increase  of  the  absolute  quantity  of  P  .  With  a 

j 

fixed  flying  range  L,  an  increase  of  Pyfl  allows  increasing  rocket 
payload. 
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Fig.  4.1.  Effect  of  change  in 
specific  thrust  on  flight  range  of 
a  rocket. 


then 
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For  satellite  launches  rockets,  an  increase  in  the  specific 
thrust  means  either  an  increase  in  altitude  of  orbit,  or  putting  a 
greater  payload  into  an  assigned  orbit.  For  the  above  rocket,  a 
growth  of  specific  thrust  1  kgf*s/kg  leads  to  an  increase  of  altitude 
of  orbit  from  550  to  600  km  (i.e.,  almost  10$),  or  to  an  increase  of 
payload  of  approximately  1.3$.  At  fixed  distance  (or  height)  or 
flight  and  weight  of  payload,  an  increase  of  P  provides  a  decrease 

J  n 

of  the  take-off  weight  of  the  rocket . 

The  considerable  effect  of  specific  thrust  on  the  characteristics 
of  aircraft  explains  one  of  the  basic  trends  of  contemporary  rocket- 
engine  building  —  an  increase  of  P 

yA 

The  relative  effect  of  the  mass  number  of  the  craft  on  ideal 
velocity  can  be  established  in  the  following  manner.  Let  us  record 
expression  ( i| . 4 )  in  differential  form: 

dV M  =*  In  vKdPyM  -f-  PJM  -*-£-  • 

Hk 

Condition  «  const  (dVMfl  “0)  corresponds  to  the  equality  of 
effects  of  specific  thrust  and  mass  number.  In  this  case 


<fr« 

»*K 


=  -  In  pK 


dPyi 
Pj*  ' 


(4.6) 


Let  relative  change  in  specific  thrust  be  1$  (dP  „/P  *  0.01), 

then  the  change  in  mass  number  equivalent  to  it  will  be 


—  =  —0,01  lnp*.  (4.7) 

i** 


The  minus  sign  shows  that  a  decrease  in  specific  thrust  can  be 
compensated  by  an  increase  in  mass  number,  and  vice  versa. 
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Dependence  (4.7)  is  given  in  Pig.  4.2.  Prom  it  it  follows  only  it' 

that  at  <  e  (e.is  the  base  of  natural  logarithms)  is  the  effect  en 

of  mass  number  on  ideal  velocity  more  than  the  effect  of  specific 
thrust.  When  ph  >  e,  for  ljl  compensation  of  change  in  specific 
thrust  a  change  in  mass  number  of  more  than  1%  is  required.  fo 


Pig.  4.2.  Change  in  mass  number  of 
the  craft,  equivalent  with  respect 
to  influence  on  ideal  velocity  to 
changing  specific  thrust  1*. 


Thd 


Wh  | 


Figure  4.3  shows  change  in  ideal  velocity,  depending  on  mh  at 
various  values  of  specific  thrust. 


Pig.  4.3.  Dependence  of  ideal 
velocity  on  mass  number  of  the 
rocket  at  various  values  of  P 

yA 


Now 


The  radical  method  of  increasing  mass  number  is  by  going  to 
multistage  'systems.  For  an. increase  in  the  mass  number  of  each  stage.  t  - 

weight  perfection  of  the  design,  including  the  engine,  is  necessary.  in  s 

is  e 
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It  is  of  interest  to  evaluate  the  effect  of  a  change  in  weight  of  the 
engine  on  ideal  velocity  of  craft. 


Let  us  record  the  expression  In  (Gq/G^)  in  differential 

form  for  the  case  of  constant  fuel  weight: 

Gt—G0  —  Gk  =  const. 


Then 


<iv*!  <ipy*  On- 

P y»  Ok  Ooln(0o/0H) 


When  V  =  const  we  obtain 
m  a 


<taK  Qn  ln  Qq  dpy 
Ok  Oo  —  Gk  Gk  Py  ■ 


or 


dG«  _  Pk 
Gk  Hk  —  1 


In  (i, 


dpyl 


J* 


(4.8) 


Engine  weight  is  part  of  the  final  weight  of  the  craft;  therefore. 


dG„  —  dGa  B. 

Now  expression  (4.8)  can  be  written  thus: 


(4.9) 

Oji,  Ou  (*k  —  I  P v.« 

Equation  (4.9)  determines  the  effect  of  a  relative  change  of 
..eight  and  speoxiic  tnrust  on  ideal  velocity.  If  the  relative  change 
in  specific  thrust  is  1? ,  then  the  change  in  engine  weight  equivalent 
is  equal  to 
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(4.10) 


Mk  — 1 


In  IV 


Dependence  (4.10)  Is  given  in  Pig.  4.4.  For  the  engine  of  the 
German  V-2  rocket,  the  quantity  dGno/QnD  is  approximately  7.3*  (point 
in  Pig.  4.4).  For  contemporary  practice,  as  a  result  of  increased 
UH  and  this  quantity  can  be  evaluated  at  10-15*.  Consequently, 

reducing  engine  weight  10-15*  in  its  effect  on  ideal  velocity  is 
equivalent  to  increasing  specific  thrust  by  1*.  The  effect  of  engine 
weight  is  diminished  with  an  increase  of  mass  number  w  . 

H 


HGu/CAt 


Pig.  4.4.  A  change  in  engine 
weight ,  equivalent  in  influence  on 
ideal  velocity  to  a  1*  change  in 
specific  thrust. 


Utilization  of  the  weight  equivalent  of  specific  thrust  is 
convenient  during  examination  of  the  concrete  design  of  the  rocket 
and  when  selecting  optimum  engine  parameters.  Thus,  if  some  measure 
is  connected  with  an  increase  in  specific  thrust,  and  also  with  a 
simultaneous  increase  in  engine  weight,  the  expediency  of  such  a 
measure  can  be  evaluated  on  the  basis  of  an  equivalent.  For  example, 
the  weight  of  an  engine  with  a  thrust  of  100  t  at  a  specific  weight 
of  10  kg/t  thrust  is  1000  kg.  At  u  ■  5  and  a  thrust-to-weight  of 

r\ 

ratio  P/Gq  ■  1*5*  the  weight  equivalent  of  1  kgf-s/kg  of  specific 
thrust  at  Py^  -  300  kgf*s/kg  is,  according  to  formula  (4.9),  about 
70  kg.  If  an  increase  in  specific  thrust  of  1  kgf*s/kg  is  accompanied 
by  a  weight  increase  of  20  kg,  then  the  effective  increase  is 

iPy,  =)  °»7  kgP’S/kg- 


It  jj 
chan 


crafl 


The  vl 


where 


or 


where 


The  qu 
higher 
of  the 


4.2.  Effect  of  Fuel  Characteristics 
on  Rocket  Characteristics 


The  most  important  characteristic  of  fuel  is  its  specific  thrust. 
It  is  possible  to  show,  however,  that  not  only  it  influences  rocket 
characteristics. 

Let  us  analyze  the  detailed  relation  between  ideal  velocity  of 
craft,  determined  by  expression  (4.4),  and  fuel  characteristics. 


Let  us  convert  the  expression  for  : 


K 


Gq  _  G  k  +  G, 
Gk  Gk 


The  weight  of  propellant  on  the  craft  is 


(4.11) 


G,=-VyQ„  (4.12) 

where  VT  is  volume  of  fuel;  0r  is  density  of  fuel. 

Consequently : 


ft,=  l  +Nt 


(4.13) 


or 


(4.14) 


where 


a 


K 


(4.15) 


The  quantity  aH  characterizes  the  design  perfection  of  the  craft.  The 
higher  ok,  the  more  fuel  can  be  placed  at  the  assigned  final  weight 
of  the  craft. 
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Now  expression  (4.4)  ought  to  be  written  thus: 


V'..  =  *Vn<  * +  (4.16) 

As  it  appears,  ideal  velocity  is  a  function  of  three  parameters: 
specific  thrust,  fuel  density,  and  coefficient  o  .  Thus,  the  second 
important  characteristic  of  fuel  is  its  density. 

Obviously,  an  Increase  in  o  ,  i.e.,  the  increase  in  the  relative 

content  of  fuel  in  the  craft,  always  increases  V  .  However  the  rate 

^  A 

of  increase  in  Vun  with  an  increase  in  a  is  unequal  for  various 
fuels.  Of  this  one  can  be  certain,  having  differentiated  the  equation 
(4.16)  with  respect  to  a  : 

K 


dV  m  _  p  Bt 

doK  yt  1  +  o,Qt 


(4.17) 


Expression  (4.17)  shows  that  with  an  increase  in  a  the  effect 

K 

of  fuel  density  is  diminished.  The  rate  of  increase  of  V  is  more 
considerable  for  fuels  which  have  high  specific  thrust.  In  connection 
with  this,  results  of  utilization  of  two  fuels  can  be  different  at 
different  a  .  .r  r.xample  of  dependence  V^n  =  f (a  )  for  certain  fuels 
is  given  in  Fig.  4.^. 


0  2  V  6  S  to  0|C 


Fig.  4.5-  The  dependence  of  ideal  velocity 
on  coefficient  a  •  1  —  liquid  oxygen  +  liquid 

K 

hydrogen;  2  -  liquid  oxygen  +  kerosene;  3  — 

+  asymmetrical  dimethylhydrazine ;  4  - 

liquid  fluorine  +  liquid  hydrogen. 
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4  .  3  •  Rating  tne  Efficler.cy  of  a  Fuel 

Having  explained  the  fundamental  effect  of  specific  thrust  and 
density  of  fuel  on  ideal  velocity  of  craft,  let  us  show  how  to 
compare  the  efficiency  of  various  fuels,  using  as  a  criterion. 

Two  characteristic  cases  of  rocket  design  are  usually  considered 


1.  Final  weight  of  apparatus  and  volume  of  fuel  Vt  are 
considered . 


In  this  case  a  is  also  constant. 

H 


Let  us  write  expression  (4.16)  in  differential  form: 


Ok  Go  Ok 


(4.18) 


tion 


Maximum  corresponds  to  condition  dVMfl  *  0.  In  this  case,  from 


expression  (4.18)  we  obtain 


i  Gt/Gq  <A>t_q 
Pyi  In  (Go/G,)  Pi 


(4.19) 


The  quantity  Gt/Gq  is  the  specific  gravity  of  the  fuel  stored  on  the 
craft : 


Gt/G0=  a- 


(4.20) 


quid 


It  is  easy  to  find  the  connection  between  the  number  and  by 
the  quantity  A: 


_  (/f)  _  1 

‘‘■-ifc-l-A 


(4.21) 
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By  substituting  expression  (4.21)  in  equation  (4.19),  we  obtain 


KPs-l 

Py* 


A 


In 


1 


1  —  A 


Ot 


Having  designated 


Let  us  record 


A 


In 


1 

1  -A 


C, 


Pyi  Or 


(4.22) 


(4.23) 


(4.24) 


or 


dlnPyI  +  crflnoT=0. 

The  quantity  c  entering  this  expression  weakly  changes  with  a 
change  in  e «.  If  it  Is  assumed  to  be  constant  and  equal  to  a  certain 
average  value  in  the  considered  range,  then  we  can  record  this  as  a 
result  of  integration  of  the  last  expression: 

pnti,  -const.  (4.25) 

Maximum  corresponds  to  maximum  product  Pn gf,  in  which 
characteristic  c  is  determined  by  formula  (4.23). 

The  dependence  of  c  on  A  is  shown  in  Pig.  4.6.  As  it  appears, 

with  Increase  in  A  characteristic  c  is  diminished.  Thus,  for  instance, 

when  A  •  0.2  c  >  0.9  and  for  determination  of  maximum  V  maximum 
- 

of  expression  . must  be  sought.  When  A  »  0.8  c  »  0.5  and  then 
the  maximum  magnitude  of  P71O?'5  is  found.  A  decrease  in  characteristic 
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c  means  a  decrease  in  the  effect  of  fuel  density  on  ideal  velocity 

V  .  At  small  A,  characteristic  for  boosters  and  first  stages  of 

rockets,  the  effect  of  fuel  density  is  commensurate  with  the  effect 

of  specific  thrust.  At  A  -*•  0  c  -*■  1,  which  gives  a  basis  in  this 

instance  for  comparing  the  efficiency  of  various  fuels  with  respect 

to  the  quantity  PyaOi.  i.e.,  with  respect  to  volumetric  specific  thrust. 

For  rockets  with  low  A  (and,  consequently,  with  low  V  )  in  case  of 

M  A 

limited  volume  of  fuel  V  and  final  weight  G  heavy  fuels  are  better. 

I  K 


Fig.  4.6.  Dependence  of  characteris¬ 
tic  c  on  relative  content  of  fuel. 


* 


/ 


As  an  example  also  illustrating  the  error  from  the  assumption 

that  c  ■  const,  accepted  when  obtaining  expression  (4.25),  let  us 

examine  a  selection  of  the  optimum  relationship  of  components  of 

oxidant  and  fuel  k  for  fuel  CL  +  H_.  Let  us  assume  as  constant  the 
n  2  2 

weight  of  design  elements  and  the  volume  of  the  tanks,  so  that  at  a 
certain  ratio  of  components  u  *  3.0.  Figure  4.7  shows  a  change  in 
0t  ,  »  and  c  from  k.  Figure  4.8  shows  a  change  in  theoretical 

n 

specific  thrust  of  fuel,  ideal  velocity  of  rocket  and  product 
PjnQ'  calculated  for  two  cases: 

for  c,  variable  in  accordance  with  Fig.  4.7  and  constant  c  *  0.6. 

* 

From  an  examination  of  the  curve  in  Fig.  4.8,  it  is  evident  that  the 

maximum  ideal  velocity  substantially  displaced  to  the  right  in 

comparison  with  maximum  *  .  Its  positions,  found  by  V  and  the 

ice,  r  yA  *  ha 

product  under  the  condition  that  c  *  const  match,  i.e.,  the 

'  error  allowed  in  deriving  formula  (4.25)  is  small. 

ttic 
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Pig.  4.7.  Change  of  o„  u 

K 

and  characteristic  c,  depending 
upon  the  relationship  between 
oxidant  and  fuel  for  fuel  H2  + 


Pig.  8.  A  change  of  Pyfl>R, 
and  magnitude  of  when  c  - 

var  on  Fig.  4.7  as  well  as  when 
c  ■  0.6,  depending  on  k  for  fuel^ 
H2  +  °2  (pk/pc  "  30/0.1). 


2.  The  launch  weight  of  craft  QQ  and  part  of  the  weight  of  the 
empty  craft  Q..,  are  considered  assigned  and  constant. 

Weight  G  .  consists  of  weight  of  payload  and  weight  of  structure 
of  craft,  which  does  not  depend  on  the  type  of  fuel.  The  second  part 
of  the  weight  of  the  empty  craft  G  0  is  considered  proportional  to 
the  volume  of  fuel  V  ,  which  in  this  instance  is  variable.  Quantity 
G  ~  can  be  written  In  the  following  manner: 

K  ^ 


Huv  i. 

''J 


we  o 


« 
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then 


when 


or 
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Having  designated 


d|<5 


—  °i«2t 


we  obtain 


8kJCt 


Since 


°T  —  g0-gk=g0-gkX  —  GkJ, 

then 


r.  _  G0  — O,,,  —  O,, 

uk2 - - - 

°*2Pt 


whence 


✓7  _ do  —  OkI 

UkJ  —  — - 

1  +  °k*Pt 

or 


°o  —  0,i 

C,2  =  — 

1  +  — 
s«!Ct 


The  value 


1  _  0>2 

°K2^r  0T 
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usually  does  not  exceed  0.15  and  can  be  disregarded.  Then 


®k|Qt 


(4.27) 


Let  us  determine  the  change  of  ,  caused  by  a  change  of  fuel. 
Writing  the  differential  of  expression 


w  =p  in 

o. 


considering  QQ  -  const,  we  obtain 


dV  —\n—dP  —P 
M  0,  11  11  Ok 


(4.28) 


If  dVMfl  -  0,  then 


dPji  ^  t’O, 

~  a. i.p- 
0, 


(4.29) 


Since 


and  Cjj^^const, 


\ 


then 


dGK=dGtJ. 


On  the  basis  of  expression  (4.27)  it  is  possible  to  write 


««|Bt  Bt  Bt 


(4.30) 


'1 
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Substituting  expression  (4.30)  in  equality  (4.29),  we  obtain 


dPyi 

Py* 


G  k; 

Ok  rfgt_.Q 


(4.31) 


By  analogy 
that  dependence 


with  the  previous  variant  (4.22), 
(4.31)  answers  the  expression 


it  may  be  concluded 


PyllQet= const, 


where 


G* i  Ok, 


(4.32) 


Consequently,  in  this  instance  finding  the  maximum  of  V  boils 
down  to  a  determination  of  the  maximum  of  PYaQ‘  .  but  with  a  new  value 
of  characteristic  c.  The  dependence  (4.32),  determining  the  value 
of  c,  is  given  in  Pig.  4.9.  For  single-stage  ballistic  projectiles 
and  the  upper  stages  of  rockets  y  ^.5,  and  G  ~/G  <  0.5;  in  this 

case  the  values  of  c  are  small  and  less  than  in  the  preceding  case. 
This  means  that  if  the  volume  of  fuel  is  not  limited,  the  effect  of 
fuel  density  on  is  diminished.  This  explains  the  recommendations 
to  use  fuels,  although  light,  with  a  high  specific  thrust,  for 
example,  liquid  hydrogen  with  liquid  oxygen. 


Fig.  4.9.  Dependence  of  character¬ 
istic  c  on  mass  number  and  relative 
weight  Gh2/Gk. 
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After  determining  characteristic  c  for  any  of  the  variants  of 
design,  the  optimum  fuel  is  selected,  comparing  the  quantities  of 
PjnQy  ,  proportional  to  the  values  of  V  .  The  maximum  corresponds 
to  the  most  effective  fuel. 
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PART  II 

GENERAL  METHODS  OF  CALCULATION 


8f 


FIRST  SECTION 


Theoretical  Thermodynamic  Characteristics 
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CHAPTER  V 

COMPOSITION  AND  TOTAL  ENTHALPY 
OP  PROPELLANT 

In  the  chapter  there  is  shown  how  to  reduce  data  characterizing 
the  composition  and  total  enthalpy  of  propellant  to  the  form  applied 
in  thermodynamic  calculation.  With  known  composition  of  propellant 
its  density  is  determined. 

5.1.  Equivalent  Formula 

Propellant  can  be  monopropellant  (monofuel),  bipropellant  and 
multipropellant.  In  all  cases  it  is  the  most  convenient  to  represent 
propellant  by  an  equivalent  formula,  which  is  usually  written  on 
some  conditional  (equivalent)  molecular  weight  .  If  the  propellant 
consists  of  m  chemical  elements,  then  its  equivalent  formula  is 
written  so: 


•A*}}  Ai?}  A«}  •  •  •  Ai"}.  (5.1) 

[Translators  note:  t  ■  propellant,  a  *  equivalent] 

where  A^^  —  symbol  of  i-th  chemical  element;  b^T  -  quantity  of  atoms 
of  i-th  chemical  element  in  the  equivalent  formula. 

The  molecular  weight  of  propellant,  specified  by  equivalent 
formula,  is  calculated  so: 

m 

ts=E»*/friT»  (5.2) 

i-i 

where  -  atomic  weight  of  chemical  element  A^  . 
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5 • 2 .  Composition  of  Component 


The  propellant  component  can  be  an  individual  substance  or  a 
mixture  of  such  substances.  The  composition  of  component  is  also 
rationally  specified  by  equivalent  formula  of  the  type  (5.1): 

-A*2k  .  .  .  /Umlc  (  5  •  3  ) 

[Translators  note:  k  =  component.] 

with  molecular  weight 


i- 1 


(5.«0 


Let  us  examine  some  characteristic  cases  of  writing  the 
equivalent  formula  of  component. 

1.  Component  -  individual  substance.  In  this  instance  the 
formula  of  component  is  usually  known  in  the  form  (5-3),  for  example, 
CiHgNt,  NjH«,  Hj,  Oj,  Fj,  and  the  molecular  weight  is  determined  according 
to  expression  (5.*0.  Frequently  the  original  formula  leads  to 
conditional  molecular  weight  y3.  Then  the  numbers  of  atoms  are  found 
by  formula 


(5.5) 

(*K 

2 .  Component  has  been  assigned  by  elementary  weight  composition. 
If  gj^  -  weight  fraction  of  i-th  chemical  element  in  the  component, 
then  the  number  of  atoms  of  this  element  in  the  equivalent  formula 
with  molecular  weight  comprises 


(5.6) 


wi 


ceil 


con 


orde 
is  r 
mole 
comp 
of  p 
stol 
[Tra 
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In  component 


3.  Component  -  mixture  of  the  several  substances, 
r  of  substances:  n  substance  is  recorded  by  formula 

,(1)  .  (2)  «<*> 

**b\u  •  ♦  •  /1  bmn 

with  molecular  weight  Pn  and  comprises  weight  fraction  g  . 

The  quantity  of  moles  of  n-th  substance  in  the  component 


n  (5-7) 

un 

f xn 

Then  the  quantity  of  atoms  of  1-th  chemical  element  in  the 
component  will  be 


K 


(5.8) 


ile , 

ng 

und 

1 

1 

ion. 


5  3 ■  Composition  of  Bipropellant 

Bipropellant  is  a  characteristic  type  of  liquid  rocket  propellant 
consisting  of  fuel  and  oxidizer. 

Component  Ratio,  Excess  Oxidant  Ratio 


Fuel  and  oxidizer  of  bipropellant  are  in  a  definite  ratio.  In 
order  to  guarantee  thorough  combustion  of  one  mole  of  fuel,  there 
is  required  kq'  moles  of  oxidizer.  The  amount  of  tcQ '  with  dimension 
mole  OH/mole  r  is  called  molar  stoichiometric  coefficient  of  the 
component  ratios  of  propellant.  Stoichiometric  component  ratios 
of  propellant,  expressed  in  units  of  weight,  is  called  weight 
stoichiometric  coefficient;  dimension  of  —  kg  °K/kg  r. 
[Translators  note:  oh  =  oxidizer,  r  =  fuel.] 


It  is  obvious  that 


(5.9) 
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In  practice  the  component  ratio  in  liquid  propellant  is  selected 
most  frequently  not  stoichiometric,  but  something  different  from  it  - 
real  (*'  or  k).  The  degree  of  difference  of  the  real  component 
ratio  of  propellant  from  stoichiometric  is  evaluated  by  excess 
oxidant  ratio  a,  which  is  determined  by  formula 


a  —  — 


(5.10) 


As  can  be  seen,  a  is  a  relative  dimensionless  quantity.  With 
stoichiometric  ratio  of  fuel  and  oxidizer  coefficient  a  is  equal 
to  one.  With  deficiency  of  oxidizer  as  opposed  to  its  theoretically 
necessary  quantity,  which  is  frequently  observed  in  liquid-fuel 
rocket  engine  propellants,  a  <  1. 

The  magnitude  of  a  is  usually  assigned,  therefore  for  determination 
of  the  real  component  ratio  tc’  it  is  required  to  find  the  value  of 
magnitude  iCq'.  The  most  convenient  and  common  is  determination  of 
the  molar  stoichiometric  coefficient  •  by  formula 


«o-~— 


■OH  OK 
■ol*  r 


(5.11) 


where  -  valance  of  i-th  chemical  element;  b.^  r,  oh  ~  number 
of  atoms  of  i-th  element. 

In  this  case  in  accordance  with  formula  (5*3)  fuel  and  oxidizer 
must  be  recorded  in  the  form: 


4:!484S--.4:’,. 

4!i.48.42—.4X 


The  numerator  of  expression  (5*11)  represents  the  algebraic 
sum  of  the  highest  valences  in  fuel,  the  denominator  —  in  oxidizer, 
moreover  the  valences  are  taken  with  signs  assigned  to  them.  Listed 
below  are  valences  of  basic  chemical  elements,  present  in  the 
composition  of  rocket  propellants. 
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Element 

H 

Li 

K 

Nil 

Be 

Mg 

B 

Ai 

C 

Si 

P 

S 

i 

N  i 

i 

1 

F 

1 

Cl 

Br 

0 

Valence 

l 

1 

1 

1 

2 

2 

3 

3 

4 

4 

5 

4 

0 

-J 

—  1 

-2 

With  known  values  of  a  and  Kq*  it  is  possible  to  formulate  the 
formula  of  conditional  mole  of  bipropellant .  The  quantity  of  atoms 
of  i-th  chemical  element  in  conditional  mole  is  equal  to 

^/i  =  ^/r  +  ax0*/oi<»  (5*12) 


and  molecular  weight 


=  + 


(5.13) 


Excess  Oxidizing  Element  Ratio 

Excess  oxidizing  element  ratio  a_  is  used  along  with  excess 
oxidant  ratio  and  is  the  ratio  of  total  quantity  of  oxidizing  elements 
if  propellant  to  their  total  stoichiometric  quantity: 

'  2" 

where  —  sum  of  products  of  &<,v<  for  elements  with  electronegative 

valence  (v<<0)  in  propellant;  2i+)  -  sum  of  products  of  for 

elements  with  electropositive  valence  (v<>0)  in  propellant. 

For  liquid-fuel  rocket  engine  bipropellant  with  known  values 
of  a  and  tcQ '  the  formula  for  a3  can  be  represented  in  the  form 


(5.14) 


where  2r-)  -  sum  of  products  of  /><rV<  for  oxidizing  elements  (  with 
electronegative  valence)  in  fuel;  ~  sum  of  products  of  6irv,-  for 

combustible  elements  (with  electropositive  valence)  in  fuel. 

The  meaning  of  sums  of  2£> ,  ££>  for  oxidizer  is  analogous.  For 
simiplicity  of  writing  expression  (5*1*0  let  us  introduce  designations 


Yi  +  >  _L  Y<-> 

n  ....  + 

,  0  <ar  ,  1. 

V(  +  )  .  V<— ) 

r  •  _ ^JOK  “ 

<•*'  Y<~> 

.  0<ao<9<  1 

(5.15) 

(5*16) 


[Translators  note:  r.a  =  combustible  element, 
oh. a  =  oxidizing  element.] 


which  represent  the  ratios  of  unreplaced  (free)  valences  to  the 
overall  number  of  corresponding  valences.  With  allowance  for  the 
Introduced  designations,  formula  (5*1*0  is  reduced  to 


(X^  — ■  1111,11  ~t  ^  —  ar  »)  £  ^  17) 

aOK . »  +  GBr. 3  (I  — OoK.-i) 

Let  us  determine,  for  example,  the  value  of  <*3  for  propellant 
BsHa+HiOi  with  excess  oxidant  ratio  a  ■  0.5.  In  accordance  with  formulas  * 
(5.15)  and  (5*16)  a,_  _  ■  1.0  and  a  ■  0.5.  By  formula  (5-17). 
we  obtain  ag  *  0.66. 

As  can  be  seen,  generally  aa¥=a  ;  these  quantities  coincide 
only  when  ar.»«*a<«,.»*I.O. 

5.4.  Composition  of  Multipropellant 

If  multipropellant  (for  example,  solid)  is  specified  by  weight 
fractions  of  components,  then  the  equivalent  formula  of  such 
propellant  is  the  same  as  for  compound  component  [formulas  (5.7) 
and  (5*8)]. 
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•..’here 


or 


If  the  equivalent  formula.;  of  all  components  result  in  the  same 
conditional  molecular  weight  u3,  then 

"k  —  -A’k 

ions 

and  the  quantity  of  atoms  of  i-th  chemical  element  in  propellant, 
will  be 


A  -  1 

In  this  instance  the  molecular  weight  of  propellant  ut  is  equal 
to  condition,'  molecular  weight  . 

In  case  of  liquid  t ipropellant ,  the  molecular  weight  of  which 
is  assigned  by  formula  (5.13),  UT  ¥  y_,  if  even  u  =  u  =  u 

This  is  directly  evident  from  formula  (5.13). 

5 • 5 •  Density  of  Propellant 

With  known  composition  of  propellant  it  is  easy  to  determine 
its  density. 

rmulas  - 

The  average  density  of  propellant  py ,  consisting  of  n  components 
with  weight  fractions  g  ,  can  be  determined  having  assumed  the 
additivity  of  volumes  of  separate  components: 

-L-53&-. 

l!r  U  Cn 

i-l 

Hence  the  average  density  of  propellant  is  equal  to: 

•t  t>,-~ - •  (5.19) 

S*JL 

Qn 

i-l 


'.'here  -  density  of  component  n. 


o  2j 


In  case  of  liquid  bipropellant  the  weight  fractions  of  fuel 
and  oxidizer  will  be: 


_ i_ 

gf  1  +  0*0 

a* g 

l+a»0 


(5-20) 

(5.21) 


By  substituting  them  in  equation  (5*19) »  we  obtain  a  formula  for 
the  average  density  of  liquid  bipropellant: 

(5-22) 

Cr  +  6m 


where  pr ,  pqk  -  densities  of  fuel  and  oxidizer. 

5.6.  Total  Enthalpy  of  Propellant 

System  of  Indicating 
Total  Enthalpy 


During  thermodynamic  investigation  of  the  processes  in  a 
rocket  engine  along  with  physical  heat  content  (enthalpy)  of 
propellant  its  chemical  energy  must  be  considered.  For  this  the 
idea  of  total  enthalpy  is  used,  the  introduction  of  which  is 
based  on  the  following  considerations. 


The  magnitudes  of  enthalpy  of  gases  and  solid  substances  at 
0°K  are  not  equal  to  zero  and  cannot  be  measured  or  computed. 
Therefore,  theoretical  calculations  for  gases,  measurements  of 
thermal  capacity  and  heat  of  phase  and  polymorphic  transformations 
for  substances  in  condensed  state  permit  finding  only  the  difference 
of  enthalpy  of  a  substance  at  a  given  temperature  as  well  as  at 
any  other  (for  example,  0°K) : 


C°dT.+ZxHw, 


.  ?r> 


where  -  heats  of  phase  and  polymorphic  transformations. 
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Chemical  energy,  being  dissipated  or  absorbed  in  the  reaction, 
is  the  difference  of  energy  levels  of  initial  and  final  substances 
of  the  reaction.  Usually  several  initial  substances  take  part  in 
the  reaction  and  several  products  are  obtained.  Chemical  energy, 
strictly  speaking,  pertains  to  the  entire  system  of  substances 
taking  part  in  the  reaction,  however,  it  can  be  conditionally 
referred  to  one  of  them. 

As  the  basis  for  determination  of  the  numerical  value  of 
chemical  energy  there  is  the  value  of  heat  of  formation  A//,r.  Heat 
of  formation  —  this  is  the  amount  of  heat  which  is  dissipated  (— M1fT) 
or  absorbed  (+A HfT)  with  the  formation  of  a  unit  of  mass  of  substance. 

If  the  reaction  of  formation  of  substance  is  carried  out  at  constant 
pressure,  and  then  the  temperature  of  reaction  products  is  brought 
to  a  certain  temperature  T,  then  on  the  basis  of  the  law  of  conservation 
of  energy  it  is  possible  to  write 


A//,r-*+[(tf  //8),„].  (5-24) 

[Translators  note:  npojq  *  product,  hex  =  initial.] 

where  X  —  chemical  energy,  the  value  of  which  is  determined  only 
by  the  structure  of  molecules  or  atoms  of  initial  and  final  substances, 
and  therefore  it  depends  neither  on  the  temperature,  nor  on  pressure. 

It  is  obvious  that  when  T  ■  0°K  the  magnitude  of  X  * 

Heat  of  formation  A Hn  is  not  unique  until  it  is  stipulated 
in  which  chemical  (atomic,  molecular)  and  phase  (liquid,  solid 
substance,  gas)  state  the  initial  elements,  used  in  the  reaction 
of  formation,  have  been  taken. 

It  is  convenient  to  determine  the  heat  i^HtT  with  formation 
of  the  substance  from  elements  in  standard  state,  i.e.,  in  steady 
and  most  widespread  natural  state.  Standard  elements  are  gaseous 
Ha.  02l  Nj,  Fa,  Cl2  and  others,  hard  carbon  C  (6  -  graphite)  and  metals. 
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Heat  of  formation  of  substances  from  standard  elements, 
determined  under  standard  conditions  p  =  1.02  bar  (1  atm),  TQ  =  293.15°K, 


is  called  the  standard  heat  of  formation  and  is  designated  \H°/n3}S.  use 

stat 

Usually  it  is  accepted  that  the  enthalpy  of  standard  elements, 
their  standard  heat  of  formation  and  chemical  energy  when  p  =  1.02  bar 
and  T  =  293«15°K  are  equal  to  zero.  In  such  a  case  the  magnitude  of  reli 

(^193,15  — W?)  «c*  ln  formula  ( 5  -  24 )  is  equal  to  zero.  Using  this,  form 

equation  (5.24)  can  be  reduced  to  must 


\rH°r -Hi  (5.25) 


The  sum  of  values  of  enthalpies  (H°T—Hl)  and  chemical  energy 
of  the  substance  is  called  total  enthalpy  It0'- 

It —  H°m  (5*26) 

or,  in  accordance  with  equality  (5.23), 

/r=4W/2B+^r4-2A/y(,).  (5.27) 

For  liquid  and  solid  substances,  if  their  thermal  capacity  is 
taken  constant: 


been 
is  d( 
the  c 
in  a< 
of  fc 


every 
the  r 


tf£-//SM=C(7'-293)-f-£A//(').  (5.28) 


at  tel 


Thus,  total  enthalpy  of  the  substance  according  to  formula 
(5.27)  is  equal  to  its  heat  of  formation  from  standard  elements  at 

temperature  T°K.  at  te: 

Magnitudes  of  standard  heats  of  formation1  A ,  heats  of  phase 
and  polymorphic  transformations  A and  thermal  capacities  C  of 

solid  and  liquid  substances  are  determined  experimentally.  The  thermal  where 

capacities  of  gases  C  0  are  usually  computed  [2].  I  ,  Af 

P  H 


‘in  chemistry  literature  magnitudes  of  heats  of  formation  are 

sometimes  allowed  with  sign  opposite  that  accepted  here. 
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293.15°K, 

33,15  • 

Ints , 

.02  bar 
ide  of 


The  described  system  of  indication  of  total  enthalpy  is  presently 
generally  accepted  in  our  country.  There  are  other  systems  which 
use  another  temperature  zone  reference  and  other  substances  in  standard 
state . 


If  in  various  systems  of  indication  there  are  used  the  same 

reliable  data  on  thermodynamic  functions  I1^,  S1^  ,  C  ^  and  heats  of 

P 

formation,  then  calculations  with  utilization  of  any  of  these  systems 
must  lead  to  identical  results. 


5) 

>rgy 

6) 

h) 

is 


at 


Total  Enthalpy  of  Components 

If  the  propellant  component  is  an  individual  substance,  or  has 
been  specified  by  elementary  composition,  then  its  total  enthalpy 
is  determined  by  formula  (5-27).  With  supply  of  component  into 
the  chamber  under  standard  conditions  (T  =  293-15°K)  its  total  enthalpy 
in  accordance  with  expression  (5*27)  is  equal  to  the  standard  heat 
of  formation. 


For  simplicity  of  writing  subsequent  formulas  let  us  subsequently 
everywhere  omit  index  T  in  the  symbol  of  total  enthalpy,  designating 
the  relationship  to  temperature. 


Working  formulas  for  enthalpy  of  component  are  written  so: 
at  temperature  T 


/K  =  A/7/393 -f-j  C^r+SAtf0; 

293 


at  temperature  T  -  293.15°K 


(5.29) 


'phase 


3, 


(5.30) 


,l  hermal 


where  units  of  measurement  of  quantities  are  such:  C  ^  kJ/kg-deg; 
IH »  AH^l  pg ^  and  in  kJ/kg. 


»/»>  are 


i 

i 


If  the  component  is  a  mixture  of  n  different  chemical  compounds, 
assigned  by  weight,  fractions  gm>  then  its  total  weight  enthalpy 
should  be  determined  by  formula: 


^  Km 1  m  Stfmp.cT.Qmp.o..  (5*31) 

/n-1 

where  I  -  total  enthalpy  of  m-th  substance  in  kJ/kg;  gmpteit  -  weight 
fraction  of  substance  m,  dissolving  in  compound  component j  Qmp,CT,  - 
heat  of  dissolution  of  1  kg  of  substance  in  compound  solvent  in  kJ/kg. 

Value  of  total  enthalpy  of  component  per  mole  Is  determined  so: 

f^K—/K\kK  kJ/kmole .  C  5  -  32 ) 

Magnitudes  of  enthalpy  of  certain  components  of  rocket  propellants 
are  listed  in  Table  5*1. 


Table  5.1.  Total  enthalpy  of  certain  compo¬ 


nents  of  rocket  propellants. 


Coapenant 

Formula 

I  kj/ltg 

Fual 

Hydra gan 

H, 

-3828 

Amaala 

NH, 

-4180 

DlattvXmdB* 

(CjHj)j  NH 

-1725 

Tri»thylmin« 

<C,H,),  N 

-610 

IsIUm 

QHsNH, 

380 

Hyd ratine 

NjH4 

1573 

Monaeathylhyd  ratine 

HjN  —  NHCH, 

1222 

Unaymeetrioal  Dimethyl  hyd  ra* 
tine 

H|N  — N  <CH,), 

774 

Aeroalne  — 50 

50K  HjN-N  (CHj)2  +  50K 

n,h4 

C«H,  (CHjJj  NH, 

1173 

Xylidine 

-291 

Methyl  alcohol 

CHjOH 

-7440 

Ethyl  aloohol 

CtHiOH 

-6025 

Methane 

ch4 

-5439 

Karoiene 

C71J1 

-1728 

Dlborane 

BjH, 

438 

Pentafcorane 

B*H, 

381 

Aluaimmi 

A! 

0 

Beryl  line 

Be 

0 

Llthlus 

LI 

0 

Alimlnum  hydride 

AlHj 

-380,7 

Lithium  hydride 

LiH 

-11380 

To 

include: 

formula 

Tol 

is  detei 


where  /p 
and  oxid 
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Table  5-1  (Cont’d). 


g. 


nts 


Component 


Formula 


I  kJ/kg 


Oxygsn 

Oxons 

Fluorins 

Chlorine  trifluorid# 

N  lt.-ogan  trifluoride 
Perohloryl  fluoride 
Nitric  aold 
Hydrogen  peroxide 
i<_trogen  tetroxlde 

Bromine  pentofluoride 
Chlorlo  aold 
Fluorlo  oxide 

Ammonias  nitrate 
tomonlm  perohlorate 
Llthlas  perohlorate 
Nltronlum  perohlorate 
Tetranltromethane 


Oxidizers 

Oj 

Os 

F, 

ClPj 

NFg 

PCI03 

HNOa 

HjOj 

Na04 
Br  Fs 
HC104 

OP2 

nh4  N03 

NH4  CIO4 
LI  CIO4 
NOj  CIO4 
C  (NOj)4 


—398 

2605 

—335 

-2000 

-2050 


-2753 

-5530 

-209 

-2625 

—460 

222 

-4564 

-2520 

-3576 

230 

189 


Notes.  1,  Data  are  listed  for  substsnees  of  100^  concentration. 

2,  Values  of  total  enthalpy  are  given  at  fKMn  for  low-boiling 
substances  and  at  293°K  for  the  reaiaining. 


Total  Enthalpy  of  Multipropellant 

Total  enthalpy  of  compound  propellant,  the  composition  of  which 
includes  several  components,  is  calculated  in  accordance  with 
formula  (5. 3D- 

Total  enthalpy  of  one  conditional  mole  of  liquid  bipropellant 
is  determined  by  formula: 

/„T=/„r- faxj/^oK  kJ/kmole',  (5*33) 

where  /|iT,  /p r.  /no«  “  total  enthalpies  of  1  mole  of  propellant,  fuel 
and  oxidizer  respectively  in  kJ/kmole. 
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II  the  total  enthalpy  on  1  kg  of  propellant  must  be  determined, 
then  we  use  obvious  relationship 

7r=—  kJ/kg.  (5.34) 

ih 

For  bipropellant  the  total  enthalpy  of  one  kg  comprises 

(5.35) 

fir  4-  a*^0P( 

Between  the  total  enthalpy  of  propellant  and  its  calorific 
value  there  is  a  unique  connection,  namely: 

Hu  —  fl.T-'HS  ^npo«.crop.r-2S3  =  (^^/»3)i— (A^/2S3)npo*.crop.  (5*36) 

where  )npo*.crop  -  standard  heat  of  combustion  products. 

Formula  (5-36)  can  be  applied  for  determination  of  the  total 
enthalpy  of  propellant  according  to  its  calorific  value.  The 
value  of  the  latter  should  be  known  at  constant  pressure  and 
corresponding  phase  composition  of  combustion  products. 
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CHATTER  VI 

EQUILIBRIUM  CCMFOSITION  OF  COMBUSTION  PRODUCTS 

In  this  chapter  are  examined  methods  of  determination  of 
the  equilibrium  composition  of  combustion  products  and  its  logarithmic 
partial  derivatives.  Temperature  and  pressure  (or  volume)  of 
the  mixture  are  assumed  assigned. 

As  it  is  known,  the  state  of  the  working  medium  in  any  section 
of  the  rocket  engine  chamber  is  determined  by  some  values  of  temperature 
and  pressure  (volume) .  Their  particular  magnitudes  are  determined 
during  thermodynamic  calculation.  Determination  of  equilibrium 
composition  at  assigned  p  and  T  (or  v)  is  the  basis  of  such 
calculation. 


6.1.  Preliminary  Information 

The  working  medium,  taking  part  in  processes  at  high  temperature, 
is  generally  a  multicomponent  mixture  of  gases  and  condensed 
(solid  or  liquid)  substances.  The  mixture,  consisting  only  of 
gases,  is  called  homogenous ,  mixture  of  gases  and  condensed  substances  - 
heterogeneous .  The  gas  components  of  the  mixture  are  usually 
fully  or  partially  dissociated  and,  possibly  ionized. 

As  it  is  known,  the  intensity  of  dissociation  and  ionization 
is  determined  basically  by  the  temperature  and  pressure.  In  the 
comuudcion  cnamber  of  a  rocket  engine  operating  on  chemical  fuel 
at  pressure  from  one  to  hundreds  of  bar  the  temperature  can  be 
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within  2000-5000 'K.  Under  these  conditions  with  considerable 
dissociation  the  ionization  of  combustion  products  of  propellants, 
not  containing  easily  ionized  substances,  is  unessential.  In 
nonchemical  rocket  engines  a  higher  level  of  temperatures  is 
possible,  and-  consequently,  noticeable  ionization. 

For  determination  of  the  composition  of  multicomponent  reacting 
mixture  generally  it  is  necessary  to  know  the  mechanism  and  kinetics 
of  proceeding  reactions.  If  the  rates  of  forward  and  reverse 
reaction  are  sufficiently  great  and  identical,  then  the  mixture 
can  be  considered  being  in  chemical  equilibrium.  The  composition 
of  mixture,  determined  under  the  assumption  of  chemical  equilibrium, 
is  called  equilibrium.  It  is  usually  characterized  by  numbers  of 
moles  of  components  of  mixture  n^  or  by  partial  pressures  (for 
ideal  gases)  p^.  There  are  used  relative  quantities:  molar  or 
weight  fractions. 

For  calculation  of  equilibrium  composition  it  is  necessary 
to  formulate  and  solve  a  system  of  equations  of  chemical  equilibrium. 

6.2.  System  of  Equations  for  Determination 
of  the  Equilibrium  Composition 
at  p,  T  =  const  or  v, 

T  *  const 

In  the  majority  of  practically  interesting  cases  the  equilibrium 
composition  must  be  determined  at  constant  (assigned)  temperature 
and  pressure  or  temperature  and  volume. 

The  chemical  equilibrium  is  calculated  usually  with  some 
simplifying  assumptions.  The  necessity  of  their  introduction  is 
determined  by  requirements  of  sufficient  simplicity  of  calculation 
and  by  the  contemporary  standard  of  knowledge  about  processes  in 
reacting  mixtures.  Below  are  given  basic  assumptions,  in  most 
cases  providing  acceptable  description  of  the  processes  at  high 
temperature . 
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For  homogenous  dissociated  mixture  it  is  assumed  that  it 
consists  of  ideal  components.  Their  thermodynamic  functions 
1°,  E°,  S°  and,  consequently,  thermal  capacity  Cp°,  Cv°  and  constants 
of  equilibrium  Kp  do  not  depend  on  pressure.  Equation  of  state  of 
ideal  gas  is  applicable  to  separate  gases  and  to  the  mixture  on 
the  whole. 

B 

n  During  calculation  of  ionized  working  medium  there  is  not 

considered  the  coulomb  interaction  of  charged  particles.  Products 
of  ionization  are  also  considered  ideal  gases. 

,  Finally,  during  calculation  of  heterogeneous  mixture  there  is 

introduced  the  assumption  about  the  presence  of  temperature  equilibrium 
between  condensate  and  gas  (^=7",)  and  the  presence  of  phase 
equilibrium,  i.e.,  partial  pressure  of  gas  phase  of  condensed  product 
is  assumed  equal  to  pressure  of  saturated  vapor  for  this  product 
and  depends  only  on  the  temperature. 

im.  The  latter  simultaneously  means  that  condensed  products  will 

not  form  solutions  and  alloys.  The  volume  of  condensed  substances 
is  neglected,  their  thermodynamic  functions  are  considered  depending 

only  on  the  temperature. 

I 

The  system  of  equations  of  chemical  equilibrium  at  p,  T  =  const 

urn  for  a  dissociated  mixture  consists  of  equations  of  dissociation, 

equations  of  conservation  of  substance  and  equations  of  Dalton  law. 

If  the  propellant  consists  of  m  chemical  elements,  m  atomic 
and  l  molecular  components  can  be  present  in  products  of  reactions. 

The  number  l  should  include  all  the  substance  formed  from  m  chemical 
elements,  which  has  the  necessary  information  (thermodynamic  functions 
in  the  necessary  temperature  range) . 

Formula  of  j-th  molecular  component  of  the  mixture  can  generally 
be  written  so: 


A[])  Aw 
Aa\l  ' 


A{i) 


.  .4 


( m ) 

ami' 
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where  a^j  —  number  of  atoms  of  i-th  chemical  element  in  component  j . 

Let  us  now  write  equations  of  chemical  equilibrium,  beginning 
from  the  simplest  case,  when  the  products  are  a  homogenous 
dissociated  mixture. 

Homogenous  Dissociated  Products 

It  is  the  simplest,  most  convenient  and  uniform  to  consider 
dissociation  of  all  molecular  components  only  into  atoms.  Dissociation 
of  j-th  molecular  component  should  be  written  so: 

M&tauA1" 

/-I 


or 

~  £“"a,'k 

If  J  ■  1,  2  i,  then  these  equations  describe  dissociation 

of  all  molecular  components. 

For  the  state  of  chemical  equilibrium  it  is  possible  to  write 
the  equality  of  chemical  potentials:  s 

<P/=Sa^f  j  =  \,  2,  3...-/.  (6.1) 


According  to  determination  of  chemical  potential 


?j= 


'dZ_\ 

,dnjlp.r.nq' 


q±j- 


Here  Z  -  thermodynamic  potential  of  gas  mixture,  equal  to 


Z  =  Vn,Zq, 

Q 

where  ”,  -  number  of  moles  of  q-th  component  in  the  mixture;  q  =  l  *•  r 
overall  number  of  components  in  the  mixture. 


wh 


is 

pre 
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Thus : 


I P.  T.  «f. 


Consequently,  for  a  mixture  of  Ideal  gases 

(6.2) 


Now  equation  (6.1)  can  be  written  so: 

t]-TSl^a„  ^-TS,\  7—1,  2.  3 

i 

Since 


•Sf  »=  —  /^o  1°  Pf 


V 


where  S^°  -  standard  entropy;  RQ  -  universal  gas  constant, 
then 

/', - T  (S?  -  #0  In  p,)  =  I  a(/  (/? -  r  (S?  -  R0  In  p, )]. 

i 

After  conversions  we  obtain 


Inp/—  £  aj/ln^  +  ln A0=0.  (6.3) 

4 

where  Pj,  p^  -  partial  pressures,  and  the  magnitude  of 

—  * - -hw - /,n  <«•*> 

is  the  logarithm  of  equilibrium  constant  with  respect  to  partial 
pressures  for  the  reaction  of  dissociation  of  J-th  component  to  atoms. 


106 


Group  of  equations  (6.3)  In  quantity  t  1  a  the  iugarlt i.rte  fore 
of  equations  of  dissociation.  Tit#  use  of  in  p^  as  unknown?  i^kets 
It  poM lb  1#  not  to  fear  their  disappearance  during  calculations  for 
•ny  values  of  determining  piriMtiro  p  ana  T,  and  also  exclude?  t ».«• 
possibility  of  appaaranee  of  nagattve  value  a  of  p^  in  the  prone** 
of  calculation,  not  having  physleal  meaning. 


lauatlona  of  oonaarvation  of  aubstance  expreso  the  condition 
of  equality  of  tha  quantity  of  atoms  of  1-th  chealcal  element  in 
propellant  and  In  dlaaoelated  product*.  When  writing  these  equal Ion* 
there  la  lntroduoed  magnitude  Nr  -  number  of  mole*  of  propellant, 
whleh  la  determined  by  the  condition  of  equality  of  total  the  quantity 
of  moles  of  N  dlaaoelated  products  to  total  pressure: 


(6.5) 


and  in 


Slnoe  for  Ideal  gases  there  Is  valid  relationship 

,  a  *» 

the  Introduction  of  munber  My  Is  responsible  for  equality 

*#"*• 


(6.6) 


Here  Af—£«f  -  total  number  of  moles  of  gaseous  products  in  the 
< 

mixture;  y*-£yf  -  overall  pressure  of  gas  mixture. 

« 

After  Introduction  of  new  unknown  -  magnitude  Nr  the  equations 
of  conservation  of  substance  should  be  written  so: 

£  df  fit  j  a#  1.  /  “I.  2,  3t...  si:  j  —  1 .  2, 
t 


equlllt 
The  syt 
P n 


besides 
Is  prac 


which  pi 
and  atol 


The  right  side  of  the  equation  expresses  the  quantity  of  atoms 
of  1-th  element  in  the  propellant  (working  medium),  left  -  the  quantity 
of  atoms  of  this  element  In  the  products  of  dissociation. 


l.bt  us  writ *>  the  equ^tl^ns  !»»  logarithmic  form: 


in|£  4,*i  +  e,j -  in M, -ittOll~li  (6.7) 


The  quantity  of  equations  of  conservat ton  of  substance  comprises  n. 
Equation  of  Dalton  law  ha®  usual  form: 


and  In  logarithmic  form 


In  i,  p4  —  In  p  u. 
« 


(6.0) 


System  of  equations  (6.3),  (6.7)*  (6.8)  describes 
equilibrium  of  homogenous  dissociated  mixture  at  fixed 
The  system  Is  closed*  since  for  determination  of  l  ♦  m 
(In  Pq  In  quantity  l  ♦  m  and  In  MT )  there  are  (l  ♦  m  ♦ 


the  chemical 
p  and  T. 

♦  1  unknowns 
1)  equations. 


Homogenous  Ionized  Products 


The  algorithm  of  writing  equntlons  for  products*  in  which 
besides  dissociations  reactions  there  proceed  ionizations  reactions* 
is  practically  uncharged. 

Ionization  reactions  are  written  according  to  the  scheme  in 
which  positive  or  negatl.?  Ions  are  considered  as  molecular  components* 
and  atoms  and  electronic  gas  as  atomic. 


Por  example: 


L*  -*U—  e~, 
Lf  *  -*  Li  —  !?«•”, 
F~  -» 1-  e~. 
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In  this  instance  for  each  ionization  reaction  the  equation  can 
be  written  in  the  same  form  as  for  dissociation  reaction  (6.3). 

The  expression  of  equilibrium  constant  for  ionization  reaction  retains 
the  form  (6.1*). 

Equations  of  conservation  of  substance  and  Dalton  law  are 
written  in  usual  form  (6.7)  and  (6.8). 

An  additional  specific  equation  for  ionized  mixture  is  the 
equation  of  conservation  of  charge  (electroneutrality  of  the  system) . 
It  has  the  form: 


?  =  1.  2.  3..../  +  «  +  i,  (6.9) 

f 

where  apq  —  number  of  electrons  acquired  or  lost  by  the  component 
(multiplicity  of  ionization  of  component  q) .  For  a  neutral  atom 
or  molecule  ae(}  *  0,  for  positive  ions  a  -  negative,  for  negative 
ions  ae(J  —  positive. 

For  electronic  gas  q  ■  Z  +  m  +  1  and  aeq  ■  1.  In  case  of  single 
ionisation,  for  example,  a  ■  ±1. 

Logarithmization  of  equation  (6.9)  is  not  performed  in  connection 
with  the  fact  that  values  of  2  can  be  negative  until  the 

f 

solution  is  reached. 

System  of  equations  (6.3),  (6.7),  (6.8),  (6.9)  describes  the 
chemical  equilibrium  of  homogenous  dissociated  and  ionized  products 
of  dissociation.  In  the  system  (Z  ♦  m  +  2)  are  unknowns,  namely: 

Z  logarithms  of  partial  pressures  of  molecules  and  ions,  m  +  1 
logarithms  of  partial  pressures  of  atoms  and  electronic  gas  and 
logarithm  of  number  Mt .  There  are  so  many  equations  that, 
consequently,  the  system  is  closed. 
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Heterogeneous  Dissociated  Products 


As  was  mentioned,  with  the  presence  of  condensed  components 
In  the  mixture  their  partial  pressures  are  assumed  equal  to  pressures 
of  saturated  vapor  of  condensed  substances.  The  amount  of  pressure 
of  saturated  vapor  can  be  found  from  the  condition  of  equality  of. 
thermodynamic  potential  of  the  same  substance  in  gas  and  condensed 
phases : 


or 


4 -  TS°„  =  /?,  - r(S2,  -  Aft,  In  p'X 


whence 

(6.10) 

With  earlier  formulated  assumptions  the  value  of  p”  for  the 
given  substance  depends  only  on  the  temperature. 

For  simplicity  let  us  assume  that  In  the  considered  heterogeneous 
system  substances  r  (J  *  r;  q  ■  r)  and  s  (1  ■  s,  q  ■  l  ♦  s)  are 
condensed.  Partial  pressures  of  these  components  can  be  written  so: 

Pi-.-p.-p',  ;  Pf-r-P'-p;  . 

At  fixed  temperature  they  are  known. 

Equations  of  dissociation  (/—  1)  of  uncondensed  substances  will 
preserve  the  earlier  obtained  form  (6.3).  in  this  case  J  W  r. 

In  equations  of  conservation  of  substance  the  numbers  of  moles 
of  condensed  substances  r*.t  and  being  new  unknowns  must  be  present. 

Equations  will  take  the  form: 
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It  remains  to  write  the  equation  of  dissociation  of  gas  phase 
•f  the  condensed  substance.  By  applying  equation  (6.3)  to  molecule 
we  obtain: 

,nF*—£  «if ln^,  +  lnK,=o.  (6.12) 


In  equations  (6.3)*  (6.8),  (6.11),  (6.12)  the  knowns  at 
•ated  temperature  are  magnitudes  In  p£,  In  p£,  and  also  constants 
•f  equilibrium  • J(„  ft*. 

System  of  equations  (6.3).  (6.8),  (6.11),  (6.12)  describes 
he  chemical  equilibrium  of  heterogeneous  mixture.  The  unknowns  In  It 
.re  /+*»— 2  "of  logarithms  of  partial  pressures  (excluding  In  p"  and 
n  p  ),  In  N  and  numbers  of  moles  of  condensed  substances  nTl  and  n„, 

S  T 

n  all  l  ♦  m  ♦  1.  The  nunk>er  of  equations  comprise  (/—  i)+m+i  +  j  , 

•e.,  system  Is  closed. 

Equation  of  Constancy  of  Volume 


In  smny  Instances  the  process  In  a  dissociated  system  proceeds 
t  constant  volume  or  under  conditions  close  to  this.  For 
escrlptlon  of  the  processes  In  reacting  mixture  at  T,  v  ■  const 
he  equation  of  Dalton  law  should  be  substituted  by  an  equation 
xpresslng  condition  of  constancy  of  volume. 


Let  us  assume  the  mass  of  propellant  (working  substance)  M 
nd  volume  V,  In  which  the  process  proceeds.  Is  specified.  Density 
f  reaction  products  comprises 
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1,0 1  utf  now  ili»  condition  of  constancy  of  volume  a t 

assigned  mass  by  the  condition  of  constancy  of  density  equivalent 
to  It.  If  calculation  Is  by  Mf  of  moles  of  propellant,  then  the 
mass  comprises  syMr  kg,  and  the  volume,  according  to  equation  of 
state,  when  p  •  N  Is  equal  to  N^T.  Then 

9^£sB.. 

v  MJ 

In  logarlthmlo  form  It  Is  possible  to  write: 

In  .W,  -  In  f  +  In  Z)  »  0,  (6.13) 


where 


D 


Thus,  the  state  of  reacting  system  at  assigned  temperature  and 
density  Is  described  by  system  of  equations  (6.3),  (6.11),  (6.12), 
(6.13). 


Examination  of  the  listed  forms  of  writing  equations  of  chemical 
equilibrium  for  dissociated  and  ionized,  homogenous  and  heterogeneous 
mixtures  shows  that  In  all  cases  the  form  of  writing  Is  identical. 

If  for  initial  we  take  recording  of  equations  for  a  homogenous  mixture, 
then  the  recording  for  other  variants  Is  a  small  modification  of 
Initial . 


The  considered  method  of  writing  equations  provides  an  account 
of  any  quantity  of  dissociated  and  ionized  gaseous  products,  and  also 
atomic  and  molecular  condensed  substances  (in  this  case  their  gaseous 
phase  is  considered. 


From  the  general  system  of  equations  written  for  propellants 
(working  media),  containing  all  m  atoms,  it  is  easy  to  change  to 
systems  of  ^quabi^os  for  particular  cases,  when  those  separate  from 
atoms  are  absent.  For  this,  from  the  number  of  unknowns  there  are 
excluded  the  absent  atomic  products  and  those  of  molecular,  whose 
composition  includes  these  atoms.  From  the  system  of  equations  there 
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are  excluded  equations  of  dissociation,  pertaining  to  excluded 
molecules,  and  equations  of  conservation  of  substance  for  absent 
atoms.  The  remaining  equations  retain  their  previous  form. 

6.3*  Method  of  Solution  of  System  of  Equations 

Prom  a  mathematical  point  of  view  the  system  of  equations  of 
chemical  equilibrium  is  a  system  of  nonlinear  algebraic  equations. 

In  many  instances,  when  the  number  of  components  of  dissociated  and 
ionised  mixture  being  considered  includes  all  possible  components, 
for  which  the  necessary  Information  is  available  (thermodynamic 
functions  in  the  necessary  temperature  range) ,  the  system  can  consist 
of  several  tens  of  equations.  The  complexity  and  work  input  of 
solution  of  such  systems  are  widely  known.  At  present  the  system 
of  equations  of  chemical  equilibrium  is  usually  solved  by  an 
electronic  computer.  The  most  effective  method  of  solving  such  systems 
is  the  Newton  method. 

For  solution  of  the  system  of  equations  of  form 

M**)- 0,  f,  *-l,  2,  3 . n 

euch  function  f^Xq)  18  written  through  initial  (approximated  values 
of  roots  **•  and  corrections  to  them  Ax^  and  is  decomposed  into 
Taylor  series  according  in  powers  not  higher  than  the  first: 

/.  K + Ax,)=/t  (*•) + + . . .  =  0. 

fS  * 

Having  designated 

/»(■**) =MrC)* 

we  obtain 


-U3 


The  last  expression  is  a  writing  of  the  system  of  equations, 
linear  relative  to  unknowns-corrections  Ax„. 


Thus,  system  of  nonlinear  algebraic  equations  relative  to  x,  is 
reduced  to  a  system  of  linear  equations  relative  to  Ax,,.  Its  solution 
gives  values  of  corrections  Ax,,.  To  get  values  of  unknowns  x^  with 
the  necessary  accuracy  there  is  necessary  repeated  successive  finding 
of  corrections  Ax^  by  solution  of  a  system  written  in  more  general 
form: 


seer 


<r-l) 


(6.14) 


where  r  -  number  of  approximation  (r  =  1,  2,  3,  ...). 


Refinement  of  approximate  values  of  unknowns  is  accomplished  by 
formula : 


xr=*r*>+^u>.  (6.15) 

Approximations  are  continued  until  achievement  of  the  specified 
accuracy,  i.e.,  until  satisfaction  of  condition 

(6.16) 

« 

where  |A*|  —  modulus  of  value  A*  ;  w  —  small  quantity  assigned  in 

advance . 


To  ensure  convergence  of  successive  approximations  when  it  is 
not  guaranteed  by  Newton  method  in  usual  form,  a  special  method  is 
applied.  The  method  uses  the  following  idea:  convergence  of 
successive  approximations  from  arbitrary  Initial  values  of  unknowns 
can  be  guaranteed  if  expansion  of  approximate  solution  into  Taylor 
series  is  applied  at  partial  intervals  of  the  function. 
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I 


L#t  us  assume  for  some  function  f(x)  •  0  there  Ir  zero 
approximation 


/(«•)- 

Wo  will  seek  correction  Ax^,  which  doeo  not  turn  the  function 
to  sero(  but  only  reduces  to  magnitude  a: 

/(**  +  Aii)  -0*— fl. 

To  this  equation  let  us  apply  the  Newton  method.  Decomposition 
Into  Taylor  series  gives 


Since 


/( x*)  -  w‘°‘. 


then 

and 

d*J 

With  utilisation  of  the  Newton  method  In  usual  form  the  correction 
comprised 


AJC  = 


Consequently: 


A*i  “  - 755  A-*C  =  9&X, 
V 


where  a  —  at*3  coefficient  0<o<l. 


(6.17) 


unkri 


of  tj 
guarj 

equa; 


dlssc 
syste 
m  pq 


or 


where 
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With  utilization  of  step  coefficient  o  the  rerinement  of 
unknowns  from  approximation  to  approximation  la  produced  by  formula 

xi"  (6.18) 

The  Introduction  of  step  coefficient  can  slow  down  the  convergence 
of  the  process  of  successive  approximations ,  but  in  most  cases 
guarantees  It  with  arbitrary  assignment  of  Initial  vlaues  of  unknowns. 

Determination  of  the  magnitude  of  o  with  solution  of  systems  of 
equations  of  chemical  equilibrium  will  be  examined  below. 

6. *4.  Calculation  of  Equilibrium  Composition 
at  p,  T  ■  const  or  v,  T  ■  const 

Homogenous  Mixture 

For  calculation  of  the  equilibrium  composition  of  homogenous 
dissociated  mixture  It  Is  necessary  to  apply  the  Newton  method  •**> 
system  of  equations  (6.3),  (6.7),  (6.8),  in  which  the  unknowns  are 
In  Pq  and  In  Mt .  This  gives  a  system  of  linear  equations: 


or 


Ion 


*=1,  2,  3..../4-M+1 


E(7ifV)a'+ 


where  there  are  briefly  designated: 


A,  =  Aln^, 
A,„  =  Aln  AfT. 
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T 


he Pinemerit  >!'  unknown:'  '  i"  by  (Yrmulu:;: 

In  Pqr)  -  In  pi~u  4-  A«'\ 

In In  {-aJ5'. 

In  further  writing  the  numeration  of  approximations  are  omitted 
for  simplicity. 

Linearized  equations  take  the  following  form. 

Equations  of  dissociation: 

A /-£  a,/A,  *=-«,,  /  —  | ,  ijt  .  /,  (6.19) 

/ 

where 

8/=lnp;— H  a,j\np,-j-  \nKj. 

i 

Equations  of  conservation  of  substance: 

-8,tf„  (6.20) 

where 

B,  =1] 

j 

8/  s=  In  fi,  —  In  Af T  —  In  bt  T . 

Equation  of  Dalton  law 

£g,A,=  -8^;f  (6.21) 

where 

Pi  ~  2  /v 
*P  =  lngj-  !ng. 


wH 


of 


co: 

Fo: 

of 


proq 


as  a 
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If  calculation  is  performed  at  assigned  density  (volume),  then 
instead  of  equation  of  Dalton  law  there  is  used  equation  (6.13). 
Relative  to  corrections  it  is  written,  so: 

(i.22) 


where 

&,=  ln  .M,-tnr+lnO. 

Expressions  (6.19) >  (6.20),  (6.21)  or  (6.22)  represent  a  system 
of  equations,  linear  relative  to  corrections  A„  and  A  . 

Q  n 

Let  us  write  down  the  augmented  matrix  of  coefficients  with 
corrections  and  absolute  terms  of  equations  (6.19),  (6.20),  (6.21). 

For  simplification  of  the  solution  let  us  determine  a  definite  sequence 
of  arrangement  of  columns  and  lines  of  the  matrix,  namely: 

Columns : 

1)  corrections  pertaining  to  molecular  products; 

2)  corrections  pertaining  to  atomic  products; 

3)  correction  to  number  My; 

*0  absolute  terms  of  equations. 

Liner : 

1)  equations  of  dissociation  in  the  same  sequence  as  molecular 
products  in  columns; 

2)  equations  of  conservation  of  substance  in  the  same  sequence 
as  atomic  products  in  '’olumns; 

3)  equation  of  Dalton  law. 
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Augmented  matrix  for  calculation  of  the  equilibrium  composition 
of  a  homogenous  dissociated  mixture  at  p,  T  ■  const  are  listed  on 
page  120. 

As  can  be  seen,  this  matrix1  can  be  broken  down  into  cells 
in  the  following  manner: 


where  E  —  unit  matrix,  order  of  which  is  equal  to  the  quantity  of 
molecular  products.  The  presence  of  a  unit  matrix  is  governed  by 
the  sequence  of  arrangement  of  lines  and  columns  of  the  matrix  listed 
above  and  permits  substantially  simplifying  the  solution  of  the 
system  of  linear  equations.  By  applying  a  compact  scheme  of  the 
method  of  successive  exclusion  to  the  matrix,  broken  down  into  cells, 
there  can  be  excluded  unknowns  pertaining  to  molecular  components, 
having  obtained  matrix 

Solution  of  the  system  of  linear  equations  with  matrix  of  coefficients 
[e^]  gives  values  of  corrections  A^  and  A^.  Corrections  pertaining 
to  molecular  components  are  determined  on  the  basis  of  expression 
(6.19): 


A  j-Saz/Af-ls.  y  =  1,2,3,.../.  (6.23) 

i 

Let  us  illustrate  the  effectiveness  of  obtaining  the  unit  matrix 
anfl  exclusion  of  unknowns  of  corrections  to  molecular  components 
thanks  to  this.  During  calculation  of  compound  propellant,  consisting, 
for  example,  of  8  atoms  (m  ■  8),  in  the  combustion  products  there 
can  be  present  about  100  molecular  components  (l  *  100).  The  total 
amount  of  unknowns  l  +  m  +  1  *  100  +  8  +  1  «  109;  for  finding  them 
generally  a  system  of  109  equations  must  be  solved.  By  the  above- 
described  conversion  matrix  [e^]  of  only  the  9th  order  in  all  can 
be  obtained.  Thus,  instead  of  solving  a  system  of  109  equations 
we  solve  a  system  of  9  equations,  which  many  times  reduces  the  time 
of  solution  and  considerably  simplifies  it. 
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Matrix  of  coefficients  of  system  of  linear  equations, 

homogenous  mixture 


120 


After  finding  the  corrections  the  unknowns  are  refined  by 
formulas  (6.15)  or  (6.18).  For  utilization  of  formula  (6.18)  the 
coefficient  of  step  o  must  be  determined.  General  expression  for 
it  is  written  so: 


where  n  -  number  of  equations  of  the  system;  c  -  some  empirical 
quantity;  |«k|  —  moduli  of  errors  in  equations  of  the  system. 


In  connection  with  the  fact  that  errors  for  molecular  products 
are  expressed  in  equations  of  dissociation  through  errors  of  atomic, 
when  determining  o  one  should  take  into  account  only  the  errors 
of  equations  of  conservation  of  substance  and  Dalton  law.  In  this 
case  o  should  be  determined  by  formula 


9 


(6.24) 


On  the  basis  of  mass  calculations  of  chemical  equilibrium  of 
a  wide  range  of  propellants  It  Is  recommended  to  take  c  ■  0.1  -<J\5. 

The  practice  of  mass  calculations  showed  at  the  same  time 
that  the  proposed  algorithm  of  writing  the  system  of  equations  and 
the  logarithmic  form  of  unknowns  In  many  Instances  provides  the 
solution  of  the  system  even  when  o  ■  1.  Values  of  o  <  1,  determined 
by  formula  (6.24),  are  only  sometimes  applied. 


Refinement  of  approximate  values  of  unknowns  is  finished  with 
achievement  of  the  specified  accuracy  of  solution.  Estimation  of 
the  latter  Is  by  formula 

£l*/l  +  ri*,|  +  l«,|<-.  (6.25) 

/  4 

Usually  It  Is  sufficient  to  establish  w  ■  10 
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For  homogenous  ionized  mixture  the  equations  of  dissociation 
and  ionization,  written  relative  to  corrections,  have  working  form 
(6.19),  equations  of  conservation  of  substance  —  form  (6.20)  and 
equations  of  Dalton  law  -  form  (6.21).  In  accordance  with  the 
Newton  method  j.et  us  convert  the  equation  of  electror.eutrality 
(6.9),  specific  for  ionized  mixture.  It  takes  the  form: 

2.  3..../  +  W4-1.  (6.26) 

<r 

where 

f 

Equations  (6.19)-(6.21) ,  (6.26)  will  form  a  system  of  equations, 
linear  relative  to  corrections  A  and  A  .  The  technology  of  solution 

Q  rl 

of  this  system  is  similar  to  that  described  above. 

Heterogeneous  Mixture 

During  calculation  of  the  equilibrium  composition  of  heterogeneous 
mixture  to  get  a  system  of  equations,  linear  relative  to  corrections, 
it  is  necessary  to  apply  the  Newton  method  to  system  of  equations 
(6.3),  (6.11),  (6.8),  (6.12). 

By  analogy  with  the  previous,  from  equation  (6.3)  we  obtain 
linearized  equations  of  dissociation  of  uncondensed  substances: 

A/— X  <*/>!(=—*/.  y«=  1,  2.  3 . 1,  jjtr,  (6.27) 

i 

where 

*/■=  In  Pi  -  £  a,)  In  p,  In  Kt. 

I 

The  prime  at  the  sign  of  the  Turn  in  equation  (6.27)  means  that 
summation  is  not  performed  on  condensed  products.  This  is  understandable 
since  differentiation  of  known  (constant  at  given  temperature) 
quantities  of  partial  pressure  of  saturated  vapor  of  condensate 
gives  zero. 


Prom  equation  (6.11)  we  obtain  linearized  equations  of 
conservation  of  substance: 


£  allnl^i  +  0  —  W/ A|  -f-  +  alrnn^t$  ~  ~  8/  ^  I  •  (6.28) 

)  _  .  . 

where 


£|-2  +  8/,n0 + aitnrt + «/> 

i/  = In  —  In  Aft  —  In  bt  t. 


Linearized  equation  of  Dalton  law  is  obtained  from  equation 

(6.8): 

2'Mf=-8p/>,,  (6.29) 

« 

where 


Pi  =2^’ 

* 

8^=10^,  —  In  p. 


car 

Aug 

the 


of  a 


Finally,  from  relationship  (6.12)  we  obtain  linearized 
equation  of  dissociation  of  gas  phase  of  condensed  substance: 

I  2'alr*i  =  8r,  (6.30) 

i 


where 


8,  =  In  p'r  —  2  fl/r  In  Pi  -f  In  Kr 

i 

In  equations  (6.28)— (6. 30) ,  as  in  subsequent  equations,  incomplete 
summation  (prime  at  the  sign  of  sums)  has  the  same  meaning  as  in 
equation  (6.27).  One  should  pay  attention  to  the  fact  that  when 
determining  quantities  6j,  B„  6{,  pi ,  6,,  6r  summation  is  complete. 


subs 

as  a 


subSj 

equi 
p,  T 

Of*  ^  I 

methi 

corri 
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System  of  equations  (6. 27-6. 30),  linear  relative  to  corrections, 
can  be  written  in  form  of  matrix  of  coefficients  with  unknowns. 
Augmented  matrix  for  this  case  can  be  compiled,  being  guided  by 
the  following  arrangement  of  columns  and  lines: 

Columns : 

1)  corrections  pertaining  to  molecular  uncondensed  products; 

2)  corrections  pertaining  to  atomic  products  (including  atoms 
of  substances  in  condensed  state  at  its  usual  place); 

3)  corrections  pertaining  to  molecular  condensed  substances; 

4)  correction  A  for  number  M, ; 

M  T 

5)  absolute  terms  of  equations. 

Lines : 

1)  equations  of  dissociation  of  molecules  of  uncondensed 
substances  in  the  same  order  as  molecular  products  in  columns; 

2)  equations  of  conservation  of  substance  in  the  same  order 
as  atomic  products  in  columns; 

3)  equation  of  Dalton  law; 

4)  equations  of  dissociation  of  gas  phase  of  condensed 
substances . 

As  can  be  seen,  the  augmented  matrix  for  calculation  of  the 
equilibrium  composition  of  heterogeneous  dissociated  mixture  at 
p,  T  =  const  is  a  modification  of  the  original  matrix  for  calculation 
^  dissociated  mixture.  In  connection  with  this  the 

methods  of  solution  of  system  of  linear  equations,  determination  of 
corrections  and  improvements  of  unknowns  are  completely  retained. 
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In  case  of  calculation  of  tne  equilibrium  composition  at 
specified  temperature  and  density  the  line  of  equation  p  =  const  in 
augmented  matrices  is  replaced  by  line  of  equation  p  3  const  (6.22). 

The  augmented  matrix  for  calculation  of  the  equilibrium 
composition  of  heterogeneous  mixture  at  p,  T  =  const  is  represented 
on  page  126  s,  r  =  2. 

In  connection  with  the  fact  that  from  approximation  to 
approximation  the  composition  of  working  medium  changes,  it  is 
necessary  after  each  approximation  to  check  the  possibility  of  appear¬ 
ance  or  disappearance  of  condensed  phase.  For  this  the  following 
conditions  are  used: 

for  gaseous  components  - 


\npq>mp"q  , 


for  condensed  components  - 


where  -  assigned  small  quantity. 

X 

If  the  first  inequality  is  fulfilled,  then  q-th  component  should 

be  considered  as  being  in  condensed  state,  its  partial  pressure  is 

excluded  from  the  number  of  unknowns,  and  n_,_  is  considered  sought. 

qz 

With  fulfillment  of  the  second  inequality  q-th  component  is 

considered  being  only  in  gas  phase,  n  =  0,  and  partial  pressure 

qz 

is  considered  sought. 

On  calculation  of  heterogeneous  systems  there  are  imposed  some 
limitations  by  rule  of  phases,  which,  as  it  is  known,  is  written  in 
the  form 


r=q—0+2—R, 
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where  r  -  quantity  of  thermodynamic  degrees  of  freedom;  $  -  number 
of  phases,  i.e.,  number  of  parts  of  the  system  having  uniform 
composition  and  separated  by  a  physical  boundary;  R  -  number  of 
Independent  chemical  reactions  in  the  system. 

In  our  case  the  necessary  thermodynamic  degrees  of  freedom 
are  p  and  T,  i.e.,  r  ■  2,  the  number  of  components  q  ■  l  +  m,  number 
of  Independent  chemical  reactions  R  ■  1.  This  governs  equality 


i.e.,  the  number  of  phases  should  not  exceed  the  numbers  of  chemical 
elements,  from  which  the  system  has  been  formed.  Since  one  of  the 
phases  is  gaseous,  the  number  of  condensed  phases  ♦  (each  product 
in  condensed  state  will  form  a  new  phase)  for  case  of  Independents 
p  and  T  must  not  exceed  numbers  (m-i): 

4>,<m  —  1 . 


Sequence  of  Calculation 


The  system  of  equations  of  chemical  equilibrium  at  assigned 
p,  T  or  v,  T  has  a  physically  obvious  unique  solution.  Mathematical 
proof  of  the  uniqueness  of  solution  was  given  by  Ya.  B.  Zel'dovich. 

Calculation  of  the  equilibrium  composition  of  homogenous  or 
heterogeneous  mixture  at  assigned  p,  T  or  v,  T  is  performed  in  the 
following  order. 


1.  For  all  components  of  mixture  being  considered  at  a  specified 
temperature  according  to  reference  data  [JJ]  there  are  found  values  of 
thermodynamic  functions  t\,  5$,  Cjf,  and  for  molecular  components 
In  Kq.  For  those  substances,  which  at  the  given  temperature  can 
be  in  condensed  state,  there  are  determined  I^z,  S°z,  C°z,  p^. 
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2.  Values  of  unknowns  p 


q* 


Mt  are  assigned  in  zero  approximation. 


With  fulfillment  of  calculations  on  an  electronic  computer  these 
quantities  can  be  assigned  randomly,  for  example,  having  taken  them 
all  equal  to  specified  pressure, 
considered  equal  to  zero. 


In  zero  approximation  n  is 

qz 


3.  The  quantities  necessary  for  formation  of  augmented  matrix 

are  determined:  6j,  6^,  6p,  p^.. 

4.  As  a  result  of  conversion  of  matrix  according  to  a  compact 
scheme  the  corrections  to  quantities  In  ni  and  In  MT  are  found,  and 
then  by  formula  (6.23)  ~  corrections  to  molecular  products. 

5.  By  formulas  (6.15)  or  (6.18)  we  specify  unknowns.  Here  is 
checked  the  possibility  of  appearance  or  disappearance  of  condensed 
phases,  changing  the  system  of  equations  depending  on  results  of 
the  check. 

6.  By  formula  (6.25)  the  accuracy  of  solutions  is  checked. 

If  no  solution  Is  reached,  calculation  is  repeated  while  using 
refined  values  of  unknowns. 


Relative  Composition.  Molecular  Weight. 


After  the  equilibrium  composition  (number  of  moles  nq,  nqz>  and 
number  Mt)  has  been  determined  with  the  necessary  accuracy.  It  is 
possible  to  calculate  a  number  of  characteristic  quantities  of  mixture 
in  the  state  of  equilibrium.  Since  calculation  was  executed  for 
Mt  moles  of  propellant,  the  weight  quantity  of  products  of  dissociation 
and  ionization  comprises  PTMT,  where  molecular  propellant  weight 
mt  is  determined  by  formulas  of  Chapter  V. 


Molar  fractions  of  gaseous  components  of  the  mixture  can  be 
found  by  formula 


nq  _  Pq 

~n~7‘ 


(6.31) 
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The  content  of  condensed  substances  in  the  mixture  is  more 

conveniently  characterized  not  by  numbers  of  moles  n  ,  obtained  in 

qz  ’ 

calculation,  but  by  weight  fractions  z  .  which  are  calculated  so: 

- - —  qZ  > 


(6.32) 


where  -  molecular  (atomic)  weight  of  q-th  condensed  substance. 
Total  weight  fraction  of  condensate  in  the  mixture  comprises 


[  ZQ 


(»J) 


Quantities  x  .  z  are  one  of  the  varieties  of  writing  the 
q  qz  ° 

composition  in  relative  form. 


For  many  reasons  the  quantity  of  mean  molecular  weight  is  necessary. 
It  can  be  determined  in  the  following  manner.  During  calculation  on 
UtMt  kg  of  propellant  the  total  number  of  moles  of  gaseous  products 
is  equal  to  overall  pressure  p.  Consequently,  mean  molecular  weight 
of  the  mixture,  which  is  the  relationship  of  total  weight  of  products 
to  the  number  of  moles  of  only  the  gas  phase,  comprises 

p—P’Mj  kg  .  (6.33) 

p  mole 

Mean  molecular  weight  of  gas  phase  of  heterogeneous  mixture 
can  be  determined  by  formula 

p 


or 
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Determination  of  Partial  Derivatives 
of  Equilibrium  Composition 

Partial  derivatives  must  characterize  the  dissociated  mixture 
in  the  state  of  chemical  equilibrium.  Therefore,  they  should  be 
found  from  a  system  of  equations  of  chemical  equilibrium  with  values 
of  p  and  T,  determining  this  equilibrium.  This  system  for  most 
general  case  of  heterogeneous  mixture  consists  of  equations  (6.3), 
(6.11),  (6.8)  and  (6.12).  3y  differentiating  the  shown  system 
with  respect  to  logarithn  of  temperature  when  p  =  const  or  logarithm 
of  pressure  when  T  =  const,  we  obtain  the  corresponding  partial 
derivatives.  As  earlier,  the  pressures  of  saturated  vapors  of 
condensed  substances  are  known  functions  of  temperature,  therefore, 
their  partial  derivatives  should  be  excluded  from  the  number  of 
unknowns . 

By  differentiating  equations  (6.3)  with  respect  to  In  T  when 
p  =  const,  we  obtain 


j—  1.  t\  3, . . j  £  r. 


Since  constants  of  equilibrium  and  pressure  of  saturated  vapors 
of  ideal  substances  depend  only  on  the  temperature,  their  partial 
derivatives  should  be  replaced  by  total. 

According  to  expression  (6.4)  let  us  write: 

Va^y-iy  V^-/J  ' 

I  _ i _ 

Rn  RaT 

Considering  when  dif ferentiat ing  that 


'/  III  A'y  ,/ 

(/  In  T  il  In  T 
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let  us  receive 


—  =CJ, 
In  r  ^ 


<■.«,  ... 

dlnT  1  RrT 


Similarily  from  expression  (6.10)  we  obtain: 


(6.35) 


/  5°*,-^ 

l 0  _/°  \ 
««  «« \ 
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d\nT  RoT 


(6.36) 


Let  us  introduce  a  new  designation 

K)=K)~  atfKu  (6.37) 

and  finally  let  us  write: 

(6-38) 

By  differentiating  equations  of  conservation  of  substance  (6.11), 
we  obtain: 

& 0 G£?),+ WW  + 

+ j,  ~  S‘ - Cl, 

/=1,  2,  3 


Havir 
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By  introducing  new  designation 


hiPtK It  4-  alrP*tK rt  —  K i, 


(6.39) 


finally  let  us  write: 


(6.40) 


For  equation  of  Dalton  law  (6.8)  we  obtain: 


T  \*i  *tL 


4"  +  PrKn  —  0. 


Having  designated 


Kp  —  p'tK,,  -j-  p*tKt 


(6.41) 


let  us  write 


S  '*(£?)--*' 

o  '  •  P 


(6.42) 


Finally,  for  equation  of  dissociation  of  gas  phase  of  condensed 
substance  (6.12),  we  obtain: 


By  introducing  new  designation 


Kn  —Kr~\-Kn  —  U,rKtit 


(6.43) 
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let  us  finally  write 


(6.44) 


Thus,  from  equations  (6.3),  (6.8),  (6.11)  and  (6.12)  oy 
differentiation  with  respect  to  In  T  when  p  =  const  equations 
(6.38),  (6.40),  (6.42)  and  (6.44)  have  been  obtained.  The  new 
system  of  equations  is  linear  relative  to  derivatives  of  type 
(dln//dln T)v  .  Coefficients  with  derivatives  and  absolute  terms  of 
equations  can  be  represented  in  the  augmented  matrix  (see  page  126). 


For  determination  of  derivatives  of  type  (dln//dlnp)T  the  system 
of  equations  (6.3),  (6.11),  (6.8),  (6.12)  must  be  differentiated 
with  respect  to  In  p  when  T  =  const.  Bearing  in  mind  that  at 
constant  temperature  In  p  and  In  K.  do  not  depend  on  pressure,  we 

M  J 

obtain: 


(6.46) 


(6.47) 


(6.48) 


\ 


Equations  (6.45)-(6.48)  will  form  a  system  of  equations,  linear 
relative  to  derivatives  of  type  (d\nf/d\np)T  .  The  augmented  matrix 
of  this  system  differs  from  the  matrix  for  calculations  of 
derivatives  with  respect  to  temperature  only  in  the  column  of 
absolute  terms.  A  variant  of  such  a  matrix  is  also  represented 
on  page  126. 
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Solution  of'  the  system  of  equations  represented  by  the  matrix 
on  page  126  giver,  values  of  all  derivatives  of  reacting  mixture  in 
the  state  of  equilibrium.  It  should  be  noted  that  the  earlier  used 
algorithm  of  the  solution  is  retained.  Furthermore,  the  almost  total 
identity  of  matrices  substantially  reduces  the  laber  input  of 
calculation . 

For  homogenous  working  medium  it  is  easy  to  obt 
case  of  system  of  equations  (6.4b)-(6.48)  .  Inasrr 
condensed  components  of  the  mixture,  their  corr r  • 
derivatives  are  absent,  i.e., 

\  dlnP  din p~)ir 

Summation  in  equations  (6 . 45 ) -( 6 . 48 )  must  De  total,  and 
quantities  KhKuKP  respectively  are  equal  to 

K,=KP~  0. 

Variant  of  augmented  matrix  for  homogenous  working  medium  is 
represented  on  page  120  . 

In  conclusion  let  us  establish  the  connection  between  derivatives 
of  quantity  .V1T;  (dlnAfT/dlnr)P,  (dlnMT/<3lng)r  and  corresponding  logarithmic 
derivatives  of  molecular  weight.  For  this  let  us  differentiate 
equation  (6.31).  As  a  result  we  obtain: 


•  .icular 
ire  no 
.al 


For  nonreacting  mixture  y  ■  const,  consequently: 


/  ainM,  \  —1 

\  din p  )T 


Partial  derivatives  of  composition  and  quantity  MT  are  necessary 
for  calculation  of  equilibrium  properties  of  the  mixture:  thermal 
coefficients,  thermal  capacities,  speed  of  sound  and  others. 


With  determination  of  the  composition  and  its  partial  derivatives 
we  used  the  following  system  of  units:  pressure  and  partial  pressure  - 
phys.  at.;  enthalpy  —  cal/mole;  entropy  -  cal/mole *deg, 

Rq  ■  i. 98726  cal/mole • deg . 
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CHAPTER  VII 

THERMODYNAMIC  PROPERTIES  AND  PROPERTIES  OP 
TRANSFER  OP  COMBUSTION  PRODUCTS 

For  calculation  and  investigation  of  gas-dynamic  and  heat- 
exchange  processes  the  thermodynamic  and  thermophysical  properties 
of  combustion  products  must  be  known.  As  the  basis  of  calculation 
of  these  properties  serve  general  thermodynamic  relationships  and 
molecular-kinetic  theory  of  gases. 

It  has  been  accepted  to  call  electrical  conductivity  and 
emmissivity  of  combustion  products  the  thermophysical  properties  or 
properties  transfer.  However,  the  electrical  conductivity  and 
emissivity  have  a  physical  nature  similar  to  other  properties  and 
are  important  characteristics  of  combustion  products.  Therefore, 
theoretical  determination  of  the  electrical  conductivity  and 
emissivities  is  also  considered  in  this  chapter. 

7.1.  Thermodynamic  Functions  of  the  Mixture 

The  mixture  of  gases  located  in  the  state  of  chemical  equilibrium 
is  reacting.  Inasmuch  as  in  it  proceed  reversible  reactions  of 
dissociation  and  ionization.  Let  us  assume  the  equilibrium  composi¬ 
tion  of  such  a  mixture  at  certain  temperature  T  and  pressure  p  Is 
specified  in  the  following  manner:  the  combustion  products  contain 
q  =  l  +  m  components,  each  in  a  quantity  of  ni  moles  (i  ■  1,  2,  3, 

...»  I  +  m).  In  this  case  some  components  are  in  condensed  phase 
with  number  of  moles  n.  .  These  data,  obtained,  for  example,  by  the 

X  z 
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method  given  in  the  previous  chapter,  permit  determining  the 
thermodynamic  functions  of  the  mixture. 

Since  calculation  is  performed  on  Mt  moies  of  propellant,  the 
weight  quantity  of  products  of  dissociation  and  ionization 
constitutes  UTMT,  where  molecular  propellant  weight  is  determined 
by  formulas  of  Chapter  V. 

Thermodynamic  Functions  of  the  Mixture 

In  the  calculation  for  1  kilogram  of  mixture  one  can  determine 
thermodynamic  functions  in  the  following  manner. 

Total  enthalpy 


if  ij,  ljz  in  kj/kmole . 
Internal  energy 


If  E®,  E®z  in  kJ/kmole. 
For  ideal  gases 


for  condensed  substances 

£?,==  /?. 

Entropy 


/  = 


i-i  (-1 


Eg' 


(7.1) 


,  f  / 

i*t^i  kg 


(7.2) 
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meth 

nece; 
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»,  I'  V 

”1 

I*.'',' 


kJ 

kg*deg 


if  sj,  sj  kJ/kmole*deg. 


In  the  above-listed  formulas  the  values  with  subscript  "z" 
pertain  to  substances  in  condensed  state,  symbols  Ij0,  E^0,  3^ 
designate  total  enthalpy,  internal  energy  and  entropy  of  i-th 
component  at  temperatui-e  T  and  pressure  in  1.02  bar  (standard  state). 
For  simplicity  of  writing  in  the  above-) lsted  and  subsequent  formulas 
summation  in  the  second  sum  is  spread  to  all  components,  although 
in  actuality  one  should  summarize  only  with  respect  to  Indices  of 
substances  in  condensed  state. 


The  remaining  thermodynamic  functions  (thermodynamic  potential, 
Helmholtz  free  energy  and  others)  are  determined  according  to  usual 
thermodynamic  relationships  with  the  aid  of  values  of  I,  S  and  T. 

The  Form  of  Representation  of  Thermodynamic  Functions 
of  Individual  Components 

Experimental  determination  in  wide  scales  of  thermodynamic 
functions  (properties)  of  individual  gaseous  substances  at  high 
temperatures  (above  1000°K)  is  a  complex  assignment,  practically 
impracticable  at  present.  However,  the  thermodynamic  functions 
of  any  gas  can  be  calculated  theoretically  if  the  statistical  sum 
also  states  of  molecules  (atoms)  is  known. 

Thermodynamic  functions  of  substances  in  condensed  state,  in 
contrast  to  gases,  are  determined  on  the  basis  of  results  of  calori¬ 
metric  measurements  of  thermal  capacity  or  change  in  enthalpy,  and 
also  measurement  of  heat  of  phase  and  polymorphic  transformations. 

The  most  complete  publication,  containing  information  about 
methods  of  determination  of  thermodynamic  functions  of  substances, 
necessary  molecular  constants,  and  also  tables  of  properties  of 
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335  Individual  substances,  In  the  reference  book  "Thermodynamic 
Properties  of  Individual  Substances." 


In  the  reference  book  there  have  been  placed  values  of  reduced 

tbermodynamio  potential  ©T*.  entropy  S  ^  changes  in  enthalpy 
«  0  o  ” 

V  _  .4  i.  -4 _ <1 _ i.1 _ % _  »  U 


Ht  -»0 


and  total  enthalpy  I 


Values  of 


T  ,  and  also  lg  Kp  and  Kp 
the  shown  thermodynamic  properties  are  presented  by  tables  for 
temperatures  293*15°K,  298.15°K,  400°  and  further  every  100°  up  to 
6000°K.  Por  certain  substances  the  tables  have  been  expanded  to 
20,000°K.  In  tables  of  thermodynamic  properties  of  substances  in 
condensed  states  there  are  additionally  listed  values  of  thermal 
capacity  C  and- quantities  lg  pH,  pH. 


In  view  of  the  large  labor  Input  the  calculations  of  equilibrium 
compositions  of  compound  mixtures  are  usually  fulfilled  on  electronic 
computers  (EVM).  For  a  number  of  reasons  the  utilization  of  thermo¬ 
dynamic  functions  of  Individual  components  in  tabular  form  during 
calculations  on  an  electronic  computer  seems  inconvenient,  therefore 
the  tables  are  approximated  by  multinomials.  In  this  case  there 
Is  usually  approximated  one  function  (for  example,  entropy  or 
enthalpy),  and  for  determination  of  remaining  functions  there  are 
used  thermodynamic  relationships. 

Por  example,  in  the  reference  book  mentioned  above  there  have 
been  approximated  tabular  values  of  entropy  by  multinomials  of 

type 


(t-7 

S^-S  !njc-f  S  V", 
2 


(7.4) 


where  x  ■  T’lO"’^;  S,  Sn  -  coefficients  of  polynomial. 

In  the  practice  of  thermodynamic,  calculations  with  sufficient 
accuracy  we  can  use  polynomials  of  type 

(7.5) 
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7.2.  Thermal  Coefficients 

In  many  calculations  thermal  coefficients  are  used  namely 
isobaric  coefficient  of  expansion 


isothermal  coefficient  of  compression 


(7.6) 


V  (7p)t' 


temperature  coefficient  of  pressure 


(7.7) 


-(£). 


(7.8) 


The  latter  can  be  expressed  through  the  previous : 


l  ap 

v 

p  lT 


(7.9) 


therefore  it  is  sufficient  to  determine  the  most  commonly  used 
coefficients  ap  and  By  knowing  these  two  coefficients,  anj 
thermodynamic  derivatives  can  be  calculated. 


Let  us  represent  thermal  coefficients  in  the  following  manner: 


1  /dinv\  . 

r^zjdinr ); 

pr=_±/Ii^y 

p\d\np)T 


and  use  equation  of  state  in  the  form 
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lUO 
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I 


*=*> L. 

Bearing  in  mind  that 

# 

let  us  represent  the  logarithmic  form  of  equation: 

In  v  =  ln  /?o+ln  T — In  AfT— In  piT. 


Hence 


nus  a 


equi 

depe 

been 


Ultimately  we  obtain 


(I^IC) 

(7.11) 


where  logarithmic  derivatives  of  quantity  Mt  are  determined  by  the 
methods  described  in  the  previous  chapter. 

7.3.  Heat  Capacity 

If  during  some  process  the  multicomponent  working  medium  is 
in  the  state  of  chemical  equilibrium,  then  the  effective  heat 
capacity  of  the  working  medium  must  be  determined  with  allowance  for 
heat  of  equilibrium  chemical  reactions.  Such  heat  capacity  is 

called  equilibrium. 
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According  t,o  the  definition,  heat  capacity  at  constant  pressure 
must  be  written  so: 


If  we  apply  this  formula  to  a  reacting  mixture,  we  obtain 
equilibrium  heat  capacity  c,.r.  considering  the  change  in  composition 
depending  on  the  temperature.  Bearing  in  mind  that  quantity  I  has 
been  represented  by  formula  (7.1),  let  us  write: 


vn//«  +  ^ 

i- 1 _ _ 

ii.TMT 


After  differentiation  we  obtain 


The  first  term  of  expression  (7.12)  is  heat,  heading  for 
change  in  temperature  of  the  mixture  of  constant  composition.  This 
is  usual  "frozen"  heat  capacity 


</  Q 

2  nicpi  +  21  "itCu 

i- I  (-1 


(7.13) 


inasmuch  as  for  nonreacting  mixture  of  constant  composition 
derlvati ves 

i  o  In  n,  |  /  tMn  nt.  \  /  (dn  M,  . 
oi  i  n  7  \  rt  In  7  !  p'  \  OUT  )p 


become  zero.  One  should  emphasize  that  although  the  mixture 


composition  when  determining  frozen  heat  capacity  is  considered 
constant ,  it  is  equilibrium  and  it  corresponds  to  given  temperature 

and  pressure. 


The  second  and  third  terms  iri  coolv»  -  neat  proceeding 

to  change  in  the  composition  of  equilibrium  mixture.  Corresponding 
partial  derivatives  are  determined  by  equations  of  the  previous 

chapter. 

Figure  7*1  shows  values  of  equilibrium  and  frozen  heat  capacity 
of  combustion  products  of  kerosene  type  fuel  +  0^.  Solid  lines 
pertain  to  pressure  20  bar,  broken  -  to  pressure  200  bar.  As  can  be 
seen  the  quantity  of  frozen  heat  capacity  does  not  practically  depend 
on  pressure,  whereas  the  value  of  equilibrium  heat  capacity  depends 
noticeably.  With  increase  in  the  pressure,  suppressing  dissociation, 
the  equilibrium  heat  capacity  is  diminished  and  differs  from  frozen 
to  a  lesser  degree.  With  3mall  and  large  a,  i.e.,  at  low  temperatures 
when  dissociation  weakens,  the  difference  between  equilibrium  and 
frozen  heat  capacities  is  diminished. 


Fig.  7.1.  Values  of  equilibrium 
and  frozen  heat  capacities  at 
different  pressures:  kerosene 
type  fuel  +  02  . 
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Heat  capacity  with  constant  volume  is  determined  by  expression 


It  can  be  obtained  from  general  thermodynamic  relationship 

fp“r,=T(Sp).  (df)P' 


With  allowance  for  expressions  (7.6),  (7-8),  (7.9)  and 
application  to  reacting  mixture  we  obtain: 


c  =  c  — — -  vT* 

c9p—('p p  Vi  • 


By  using  formulas  (7.10)  and  (7.11),  we  finally  obtain 
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cvp  cp p  /  d\n  Mi 
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In  the  previous  chapter  it  was  shown  that  for  nonreacting 
mixture 


/  d\nM7  \ 
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V  d\ap  )] 

Consequently,  from  formula  (7-1*0  there  is  obtained,  as  a 
particular  case,  the  usual  relationship  for  frozen  heat  capacities: 


Cv  3  =  Cp  3 - R. 

According  to  known  values  of  heat  capacities  there  are 
determined  their  ratios  of  equilibrium  heat  capacities  : 


(7.15) 
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and  frozen  heat  capacities 
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(7.17) 


7.4.  Speed  of  Sound 


The  speed  of  sound  is  determined  by  general  expression 


in  which  the  derivative  is  taken  under  conditions  taking  place  in 
a  sound  wave.  In  case  of  energy  insulation  and  absence  of 
relaxation  phenomena  the  processes  of  compression  and  rarefaction 
in  a  3ound  wave  are  isentropic,  and  consequently: 


(7.18) 


With  propagation  of  sound  oscillations  in  a  reacting  medium 
the  process  in  the  sound  wave  will  be  isentropic  if: 

1)  the  frequency  of  oscillations  is  great,  and  the  rates  of 
chemical  and  phase  transformations  are  small,  as  a  result  of  which 
the  mixture  composition  is  not  changed  with  passage  through  sound 
wave,  particles  of  condensate  remain  fixed  and  have  constant 
temperature;  the  process  in  the  wave  proceeds  as  in  a  nonreacting 
mixture;  in  this  instant  the  speed  of  sound  is  called  frozen ; 

2)  the  rate  of  chemical  and  phase  transformations  are  great, 
and  frequency  of  oscillations  is  Insignificant.  With  compression  and 
rarefaction  in  a  sound  wave  the  mixture  composition  is  changed  in 
accordance  with  change  of  temperature  and  pressure.  With  passage 
through  wave  the  chemical  and  phase  equilibrium  are  retained; 
particles  of  condensate  have  parameters  equal  to  the  parameters  of 


145 


Tat 

I 

<"/') 

( HT )  : 

I' 

(<>•*) 

("£) 

(,)/) 


Not*  : 


ing 

equi! 


.  17) 

I 


in 


ion 


.18) 


hm 


of 

ich 

nd 

ng 

at, 

on  and 
in 
(■8e 

of 


- aa .  In  these  conditions  the  speed  of  sound  is  called  equilibrium. 

Let  us  determine  derivative  (3p/3v)  .  For  this  let  us  use 
tables  of  differential  thermodynamic  relationships  7.1  [7]. 


Table  7.1.  Certain  differential  thermodynamic  relationships. 
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Note :  t'friv  .tve  of  type  (dyl<)x):  is  a  result  of  division  or  quantity  (dy),  taken  at  intersection  of  11ns 
(di  ind  column  z,  by  quantity  $x  (intersection  of  line  ( dx )  and  column  z).  For  example: 
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As  a  result  we  have 

Idp  \ _ CP  J_ _ 

l  dv  /,  cv  V 

By  placing  derivative  (3p/3v)  in  expression  (7.18)  and  consider- 

s 

ing  the  equation  of  state  and  formula  for  we  obtain  for 
equilibrium  speed  of  sound: 
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For  a  nonreacting  mixture  derivative  (3  Ir.  M  /3  In  r )  ! .• 

T  f 

equal  to  one,  and  the  relationship  of  frozen  heat  capacities  is  equal 
to  k^.  From  equality  (7.19)»  as  a  particular  case,  we  have  the 
speed  of  sound  in  working  medium  of  constant  composition  (frozen 

speed  of  sound): 


/»;  -  k,HT.  (7.20) 

Figure  7*2  as  an  example  shows  composition  of  equilibrium  and 
frozen  properties  of  combustion  products  of  propellant  C^HgN^  +  N20^ 
(a  *  0.8)  at  various  temperatures.  As  can  be  seen,  the  difference 
between  equilibrium  and  frozen  parameters  is  substantial  and 
certainly  must  be  considered.  This  difference  is  the  most  consider¬ 
able  In  the  range  of  maximum  dissociation  and  unessential  at 
conditions  when  the  working  medium  does  not  dissociate. 


Fig.  7.2.  Comparison  of  equilibrium 
and  frozen  thermodynamic  properties 
of  combustion  products  of  propellant 
CgHgNg  +  (a  «  0.8)  at  various 

temperatures  (p  »  ■  100  bar). 

K 

[Translator's  note:  in  a  previous 
paragraph  the  fuel  was  represented 
as  C2HgN2  +  N^;. 


For  two-phase  medium  an  important  characteristic  is  the  rate  of 
propagation  of  sound  in  gas  phase.  General  expression  for  this 
speed  of  sound  can  be  written  so: 
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where  relationship  of  heat  capacities  and  derivative  (3  In  Mt/3  In  p)T 
are  determined  with  condition  z  =  const.  With  propagation  of  sound 
the  particles  remain  fixed,  their  temperature  is  constant,  phase 
transitions  are  absent. 

7.5.  Transfer  Coefficients  (Diffusion,  Viscosity,  Thermal  . 

Conductivity ) 

Phenomena  of  diffusion,  viscosity  ‘  and  thermal  conductivity 
are  physically  similar.  They  assume  the  transfer  ("transport )  of 
some  physical  properties  through  liquid  or  gas.  Usual  diffusion 
is  transfer  of  mass  from  one  region  to  another  as  a  result  of 
gradient  of  velocity;  thermal  conductivity  is  transfer  of  heat  as 
a  result  of  temperature  gradient. 

Therefore,  the  enumerated  physical  phenomena  received  the 
general  name  -  transfer  phenomena,  and  thermophysical  coefficients 
of  diffusion,  viscosity  and  thermal  conductivity  corresponding  to 
them,  -  transfer  coefficients  (transport  coefficients). 

The  kinetic  theory  of  gases  [6],  developed  permits  theoretically 
determining  the  thermophysical  coefficients  of  gases  and  their 
mixtures.  One  of  the  results  of  theory  is  the  fact  that  it  turned 
out  to  be  possible  to  write  down  all  transfer  coefficients  through  a 
system  of  integrals  Q'1*  ,  considering  dynamics  of  collisions  of 
molecules.  The  latter  is  determined  by  intermolecular  function  of 
interaction  -  potential. 

Numerous  theoretical  and  experimental  works  confirmed  the 
applicability  of  the  kinetic  theory  of  gases  for  practical  purposes. 

Thermophysical  Properties  of  Individual  Components 

Molecular-kinetic  theory  of  gases  gives  the  following 
expressions  for  transfer  coefficients. 


148 


mixture1 


Diffusion  coefficient  of  component  i 
and  j  gases  Is  equal  to 
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where  p  -  pressure  In  bar;  fi'-'*  -  reduced  integral  of  collisions 
(general  writing  Q's+  )  -  function  of  reduced  temperature 
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(7.22) 


°1J  *  “  PaI,ameters  of  potential  function  of  interaction  of 

molecules  (atoms)  of  types  1  and  j;  Uj  -  molecular  weights  of 
components  1  and  J . 

In  case  of  equality  1  *  j  (single-component  gas)  from  formula 
(7-21)  a  calculated  expression  is  obtained  for  self-diffusion 
coefficient. 


Viscosity  coefficient  is  equal  to 


(7.23) 


Coefficient  of  thermal  conductivity  for  single-component  gas 
Is  determined  as 
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(7.24) 


The  formula  written  above  is  valid  for  components  of  a  mixture, 
molecules  of  which  do  not  have  internal  degrees  of  freedom,  i.e., 
for  monatomic  molecules.  For  polyatomic  molecules  at  high  tempera¬ 
tures  the  transfer  of  energy  of  internal  degrees  of  freedom  must  be 
considered.  The  component  of  thermal  conductivity,  caused  by 
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energy  exchange  between  forward  and  internal  degreen  of  freedom,  is 
calculated  with  the  aid  of  Kucken  correction: 


0,885  (o.4 


(7.2‘;o 


where  Cpi  -  molar  thermal  capacity  of  i-th  component  at  constant 
pressure  in  J/mole-deg. 

Thus,  general  coefficient  of  thermal  conductivity  of  i-th 
component  is  equal  to: 


(7.2b) 


Thermophysical  Properties  of  the  Mixture 


Calculated  expressions  for  determination  of  viscosity  and 
thermal  conductivity  coefficients  of  a  multicomponent  mixture  of  l 
molecules  and  m  atoms  are  written  as  the  relationship  of  determinants 
on  the  order  of  l  +  m  +  1  and  l  +  m.  Into  formulas  for  elements 
of  these  determinants  enter  coefficients  of  viscosity,  thermal 
conductivity  and  diffusion  of  binary  systems  i-J  for  all  combinations 
of  components.  In  view  of  the  indeterminacy  connected  with  the 
incompleteness  of  contemporary  data  about  the  interaction  of  mixture 
components  at  high  temperatures,  in  calculations  of  viscosity 
coefficients  and  thermal  conductivity  of  combustion  products  of 
rocket  propellants  it  is  expedient  use  approximate  formulas. 


Viscosity  coefficient  of  the  mixture  can  be  determined  by 
Budenberg-Wllki  formula  [6]: 
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Ro  in  J/mole*deg;  p  in  /»,.  i;.  ..  . 
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other  formulas  for  the  viscosity  coofr: 
widespread,  enabling  considerably  simpler 
calculations.  Por  example,  there  is  widely  u.:e.i 
of  type 
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(7-28) 


error  of  which  as  compared  to  strict  formulas  of  kinetic  theory 

comprises  approximately  10-151. 

The  coefficient  of  thermal  conductivity  of  a  mixture  of 
nonreacting  gases,  molecules  of  which  do  not  possess  internal  degrees 
of  freedom  (frozen  mixture  of  nonatomlc  gases),  is  determined  so 

[19] : 
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The  component  of  the  coefficient  of  thermal  conductivity  of 
the  mixture,  caused  by  transfer  of  energy  of  internal  degrees  of 
freedom,  can  be  found  by  empirical  formula 
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Thus,  the  coefficient  of  thermal  conductivity  of  frozen 
mixture 

^/CM  ~  ACM-j-XCM. 


(7.31) 


Estimation  values  of  transfer  coefficients  nCM,  Af  can  be 
obtained  on  the  basis  of  conditional  empirical  model  of  "single- 
component"  gas  with  parameters  u,  c  ,  a  ,  (e/k)„„.  Potential 
parameters  of  single-component  gas  are  determined  by  formula  [22]: 
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For  calculation  of  the  viscosity  coefficient  of  the  mijt£iire_nCM 
a  formula  of  type  (7.23)  is  used:  -  -  —  _  ~~ 
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and  coefficient  of  thermal  conductivity  A-  is  determined  on  the 

X  v  M 

basis  of  formulas  (7.2^)— (7. 26 )  for  "single-component"  gas: 


A/CM  =  1317n(M(^  +  c,,), 


(7.33) 


where  c  is  in  kJ/kg*deg. 

P  3 

Effective  coefficient  of  thermal  conductivity  of  the  mixture 
Ag  involves  the  effect  of  chemical  reactions.  Mechanism  of  heat 
transfer  of  chemical  reactions  is  the  following.  If  in  the 
reacting  mixture  of  gases  there  exists  a  temperature  gradient,  in  the 


152 


i 


4 


ft 


* 


range  of  elevated  temperatures  the  mixture  is  dissociated  more 
intensely.  As  a  result  of  concentration  gradient  appearing  in  this 
case,  products  of  dissociation  are  diffused  into  a  range  of  lower 
temperatures,  where  recombination  occurs  and  heat  of  chemical 
reactions  is  separated.  General  method  of  determination  of  thermal 
conductivity  component  XR,  which  considers  this  effect,  has  been 
proposed  by  Butler  and  Brock  [12],  Working  formulas  for  XR, 
obtained  under  the  assumption  of  local  chemical  equilibrium,  are 
very  bulky  and  are  not  listed  here.  To  get  estimate  values  of  the 
effect  coefficient  of  thermal  conductivity  use  can  be  made  of 
approximate  formula  [12]: 


x  _i  21 
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(7.34) 


Formula  (7*34)  is  obtained  on  the  assumption  that  all 
coefficients  of  diffusion  in  the  mixture  are  equal  to  each  other  and 
Lewis  number  is  equal  to  one:  v 
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Figures  7.3  and  7-4  show  the  character  of  change  of  quantities 
A  n  >  X  /A«  from  temperature  at  various  pressures.  Calcula- 
tions  are  done  for  combustion  products  of  propellant  C2HgN2  +  N202< 
when  a  ■  0.8;  in  this  case  the  values  of  Ag  are  determined  by 
exact  formulas  [12].  Values  of  cpvtcptl  are  applied  there,  which  give 
the  possibility  of  evaluating  the  accuracy  of  formula  (7.34).  As 
can  be  seen,  chemical  reactions  substantially  affect  Ag,  in  this 
case  the  maximum  values  of  Ag/A^.,  cvvlcp3  are  attained  when  the  rate  of 
change  of  dissociation  with  respect  to  temperature  is  maximum. 
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Pig.  7.3.  Some  thermophysical  properties 
of  combustion  products  at  various  temper¬ 
atures  and  pressures. 
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Interaction  Potentials  Between  Molecules 


Transfer  coefficients  depend  on  the  potential  energy  of 
interaction  of  molecules  with  their  collision.  Generally  this 
interaction  cannot  be  described  by  analytical  function  of  distance, 
however  for  calculation  purposes  many  different  functional  relation¬ 
ships  were  suggested.  These  relationships,  which  approximate  the 
actual  behavior  of  molecules  (atoms)  at  collision,  enter  the  work¬ 
ing  formulas  for  transfer  coefficients  in  the  form  of  integrals 
QU*  ,  considering  the  dynamics  of  collision.  Selection  of  some 
model  of  interaction  (potential)  for  practical  calculations  is 
determined  by  the  nature  of  the  substance,  temperature  range,  the 
presence  of  reliable  data  on  parameters  of  the  potential. 

Most  often  in  heat  engineering  calculations  there  is  used 
Lennard-Jones  potential  (12-6),  inasmuch  as  it  describes  collisions 
of  molecules  in  both  low  and  moderately  high  temperature  ranges. 

This  permits  using  experimental  data  for  determination  of  correspond 
ing  constants  of  potential,  first  of  all,  and  making  more  or  less 
validated  extrapolation,  secondly.  Furthermore,  constants  of 
potential  (12-6)  can  be  evaluated  by  certain  physical  properties 
in  the  absence  of  immediate  experimental  data. 

Constants  of  Lennard-Jones  potential  o  and  e/k  for  certain 
combusiton  products  of  rocket  propellants  have  been  listed  in 
Table  7.2  [19]. 

Coefficients  D^,  Xi}  of  individual  components  are  computed 
so: 

a)  reduced  temperature  T£  *  T(e/k)1  is  determined  and  by  it 
from  Table  7.3  there  is  taken  the  corresponding  integral  of 
collisions  Q1'1*  or  n2-**, 

b)  by  using  collision  diameter  of  component  a ^  the  correspond¬ 
ing  value  of  X^,  n^,  is  determined; 


c)  potential  parameters  o±y  (e/k)^  necessary  for  determina¬ 
tion  of  coefficient  of  binary  diffusion  ,  are  determined  according 
to  rules  of  combination: 


otl  =  0,5(8,+ a;); 

(•/*)/ j  (*/*)/. 


and  then  temperatures  and  TJj  and  2 ];/*  are  already  found. 


Table  7.2.  Parameters  of  potential  (12-6) 
for  certain  substances  [19]. 
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(7.36) 
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CM* 

7* 

SU* 

0.5 

2,066 

2,257 

4,0 

0,8836 

0,9700 

0,6 

1,877 

2,065 

4,5 

0,8610 

0,9464 

0,7 

1,729 

1,908 

5,0 

0,8422 

0,9269 

0,8 

1,612 

1,780 

6,0 

0,8124 

0,8963 

0,9 

1,517 

1.675 

7,0 

0,7896 

0,8727 

1.0 

1.439 

1,587 

8,0 

0,7712 

0,8538 

1.5 

1,198 

1.314 

9,0 

0,7556 

0,8379 

2.0 

1 ,075 

1,175 

10 

0,7424 

0,8242 

2,5 

0,9996 

1,093 

20 

0,6640 

0,7432 

3,0 

0,9490 

1 ,039 

30 

0,6232 

0,7005 

5.5 

0,9120 

0,9999 

40 

0,5960 

0,6718 

In  practical  calculations  with  use  of  the  values  of  thermo¬ 
physical  coefficients  n,  D,  obtained  by  formulas  of  this 
paragraph,  it  is  necessary  to  bear  in  mind  the  following.  Most  of 
the  known  values  of  potential  parameters  a,  e/k  are  determined 
from  experiments  on  compressibility,  viscosity,  thermal  conductivity 
and  diffusion  under  low  temperature  conditions,  because  of  this 
their  application  in  calculations  at  high  temperatures  it  is  not 
well-grounded.  Furthermore,  for  a  number  of  substances  experimental 
values  of  o,  e/k  are  generally  absent  and  rough  empirical  formulas 
are  used  for  their  estimation.  Therefore,  calculated  values  of 
thermophysical  coefficients  n,  X,  D  as  yet  have  an  estimated 
character. 


7.6.  Electrical  Conductivity 


The  basic  quantity,  characterizing  electrical  properties  of 
ionized  working  medium,  is  the  specific  conductivity  of  gas.  It 
represents  the  conductivity  of  a  conductor  with  length  1  m  and  section 

p 

1  m  .  The  coefficient  of  specific  conductivity  (subsequently  called 
electrical  conductivity)  is  a  magnitude  opposite  specific  resistance, 
and  has  dimension  (fl'm)-1  or,  which  is  the  same.  S/m. 

V 

By  determining  scalar  electrical  conductivity  a  from  Ohm's  V. 

law,  it  is  possible  to  write:  ^ 


(7.37) 

2 

where  j  -  current  density  (A/m  );  E  -  intensity  of  electrical  field 
(V/m). 


By  the  degree  of  ionization,  which  is  the  ratio  cf  concentra¬ 
tion  (number  of  particles  in  a  unit  of  volume)  of  electrons  to  the 
sum  of  concentrations  of  neutral  particles  and  ions,  we  distinguish 
slightly,  partially  and  completely  ionized  gas. 


Slightly  ionized  gas  (degree  of  ionization  less  than  1?)  can 


157 


be  represented  in  the  form  of  a  mixture  of  neutral  particles  and 
electrons,  disregarding  the  effect  of  ions.  The  electrical 
conductivity  of  such  a  gas  is  determined  by  expression: 


(7.38) 


where  m  ,  v,  e  -  mass,  velocity  and  charge  of  electron  respectively; 
F(v)  -  function  of  distribution  of  electron  velocities ;  vtn—2ivc*Qtn  - 

n 

frequency  of  elastic  collisions  of  electrons  with  neutral  components 
of  gas  mixture;  Qen  -  effective  section  of  collision  of  electron 
with  neutral  component;  ce ,  c  -  concentrations  of  electrons  and 
neutral  components  respectively. 


To  get  the  estimate  values  of  electrical  conductivity  one  can 
use  the  expression  obtained  with  application  of  the  method  of 
kinetic  theory  of  free  path.  The  basis  of  the  method  of  the 
assumption  of  transfer  of  current  only  by  electrons  and  of  short 
time  of  collision  of  electron  with  components  of  gas  mixture  as 
compared  to  the  time  between  collision.  The  formula  has  the  form 
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(7-39) 


where  k  -  Boltzmann  constant  1. 38044*  10-^3  J/deg;  e  =  1.60206*  10-1^ 
k;  me  =  9.1083*10“31  kg. 


The  electrical  conductivity  of  completely  singly-ionized  gas 

a  .  with  allowance  for  electron-electron  and  electron-ion  inter- 
ei 

actions  is  equal  to 


3r/  =  0.591 


(7.40) 


2 

where  b,.  =  e  -  collision  parameters,  at  which  the  electron  with 
0  3kT 

average  energy  is  deflected  in  the  field  of  positive  ion  to  angle 


4  -1/3 

ir/2;  d  “  3  ce  _  measure  of  average  distance  between  neighboring 
gas  particles. 

Prom  formula  (7.40)  it  follows  that  the  electrical  conductivity 
of  completely  ionized  gas  slightly  depends  on  the  electron  concentra 
tion  (the  latter  enters  logarithmic  term)  and  highly  depends  on  the 
temperature  of  gas.  Inasmuch  as  the  determining  factor  during  inter 
action  of  electron  with  a  charged  particle  is  its  charge,  and  not 
chemical  nature,  all  ionized  molecules  or  atoms  of  identical 
multiplicity  factor  of  ionization  can  be  considered  as  particles 
of  one  type. 

Temperatures  developed  in  the  combustion  chambers  of  rocket 
engines  operating  on  chemical  propellant  cause  only  slight  thermal 
ionization  of  combustion  products.  However,  with  the  presence  of 
impurities  of  alkaline  metals  it  can  become  necessary  to  consider 
the  interaction  of  electrons  with  charged  particles. 

Here,  as  in  the  case  of  slightly  ionized  gas,  expression 
(7-38)  is  also  valid,  but  instead  of  vgn  quantity  vgn  +  should 
be  used. 


The  frequency  of  collisions  of  electrons  with  ions  ^»el  with 
allowance  for  electron-electron  interactions  is  determined  by 
formula 


v,,=  0,476 


c**,|n  ( *0 )  ,  (j_y 

(4n)5  \  \kT  ) 


(7-41) 


where  n  *  pjr  -  dimensionless  energy;  u  -  energy  of  electrons  in  eV. 


For  calculation  of  the  estimate  values  of  electrical  conductivity 
of  partially  ionized  gas  use  of  formulas  (7-39)  and  (7.40)  can  be 
made.  By  taking  the  additivity  of  resistances,  which  appear  as  a 
result  of  interactions  between  elec  .rons  and  neutral  particles  on 
the  one  hand,  and  between  electrons  and  ions  on  the  other,  it  is 
possible  to  write: 
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By  using  expressions  (7.39)  and  (7.40)  for  the  conductivities 
of  slightly  and  completely  ionized  gas,  let  us  present  formula 
(7*42)  in  such  a  form: 


o= 0,385  -10-7 


T'/*(2c«Q,n  + 


(fl*m) 


-1 


(7.43) 


where  index  i  pertains  to  charged  components  of  the  gas  mixture. 

Thus,  in  order  to  calculate  the  conductivity  of  partially  or 
completely  ionized  gas,  its  temperature,  composition  and  effective 
cross  section  Q  of  collisions  of  all  compoments  must  be  known, 
which  make  a  contribution  to  the  total  probability  of  electron 
collision. 

Collision  cross  sections  of  singly  charged  particles  with 
electron  are  determined  by  formula 

Qw=8,16jln(^).  (7.44) 


Collision  cross  sections  of  electrons  with  neutral  components 
are  found  from  experiments  on  diffusion  of  electrons  or  with  the 
aid  of  quantum  mechanical  calculations.  Estimate  values  of  Qgn  * 

■  f(T)  for  certain  components  are  listed  in  Table  7.4. 

As  illustration  Pig.  7.5  lists  relationships  lg  a  *  f(T)  for 
combustion  products  of  propellant  kerosene  +  02x  with  various 
potassium  content,  and  also  for  heated  hydrogen  and  air.  The 
temperature  of  combustion  products  of  propellant  is  determined  from 
calculation  of  combustion  at  prescribed  pressure. 


Table  7*^.  Collision  cross  sections  of  electrons  with  certain  com¬ 
ponents  of  gas  mixture. 


OOHH 

bua- 

, lion 

QcMn- 

Range 

T 

Com¬ 

bus¬ 

tion 

0  CM- 

Range 

7 

O 

3.R7-tO-!5_o,87-10-l«7  + 

+  0.689- 10— »  n 

2-  10a<7'<  .5-103 

N 

3,647-10-15  —  0  94-10-187  + 

+  0,88-10-52 

2- 10+;  7  <  5  - 103 

02 

0. 3M0-15  —  0. 31. 10-19  r  + 

+  0,139- 10—32  72 

210i<7<5-103 

N, 

1,66-10-15  70.5 

600  <  7  <  1 04 

H 

0,63.10-15—  1,94-1 0-1770.5 

600  <r  7  <  104 

NO 

0  3388-10—15  —  0,26-10-19  7  + 

+  0.2r)-10-5-'75 

2- 103  <  7  <  5- 1 03 

Hj 

0,9-  lO-w/US  +  8,9- 10-16 

300<T<104 

nh3 

9.5R- IO-127-1 

7  <  104 

OH 

I.41.1HIT-1 

600<7'<104 

CO 

1,29- IO-12  70,5  +  2. 16-  10-l« 

7<2, 5-104 

HjO 

1,53-10-uT-i 

r<i04 

CO, 

7.36-10-M7-O.5 

7<  104 

HCI 

4,79.10-nr-i 

r<i04 

K,  Cs 

2,57-10-12  7-0.5 

600  <7  <  104 

Pig.  7*5.  Relationship  ofvelec- 
trlcal  conductivity  of  combustion 
(heating)  products  to  the  tempera¬ 
ture  at  various  pressures. 


In  the  case  of  hetrogeneous  combustion  products  the  calculation 
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of  electrical  conductivity  is  substantially  complicated,  although 
the  mechanism  of  electrical  conductivity  remains  the  same:  ^lpctrical 
conductivity  is  determined  by  pulse  losses  during  collision:;  of 


electrons  with  condensed  particles  and  gas  particles.  I-’or  exact 
calculation  of  electrical  conductivity  of  heterogeneous  combustion 
products  it  is  necessary  to  know  the  distribution  of  condensed 
particles  according  to  sizes,  distribution  of  cnarges  to  particle, 
and  also  to  consider  the  state  of  its  surface. 

7.7.  amiss lvltle s 


At  a  temperature  above  absolute  zero  as  a  result  of  oscillations 
of  atoms  and  of  molecules,  intensity  of  which  is  determined  by  the 
temperature,  all  substances  possess  the  ability  to  emit  radiant 
energy  in  the  form  of  so-called  quanta.  By  getting  on  some  substance, 
the  quantum  can  be  reflected  from  it,  but  if  the  surface  of  the 
substance  is  not  a  "mirror",  and  the  substance  is  not  transparent, 
then  most  probably  the  quantum  will  be  absorbed  by  some  of  the 
atoms  (molecules)  of  the  substance. 

Let  us  assume  some  medium  inside  an  evenly  heated  shell  absorbs 
all  the  radiant  energy  getting  on  it,  not  reflecting  or  admitting 
anything.  With  equilibrium  inside  the  shell  the  radiation  of  ideal 
absorber  will  be  equal  to  the  radiant  energy  getting  on  it,  since 
otherwise  its  temperature  increases  or  is  decreased  as  compared  to 
the  temperature  of  neighboring  media  or  walls  of  the  shell.  Nonideal 
absorber  reflects  or  admits  (or  both)  part  of  the  radiant  energy 
getting  on  it  and  therefore  emits  less  than  the  ideal  absorber. 
Consequently,  the  ideal  absorber,  called  a  black  body,  at  assigned 
temperature  in  any  section  of  the  spectrum  in  a  unit  of  time  emits 
more  energy  than  any  other  thermal  radiator  with  the  same  area. 

Radiation,  being  emitted  by  nonblack  bodies,  an  be  expressed 
as  a  certain  portion  of  radiation,  which  is  emitted  by  geometrically 
identical  black  bodies,  being  at  the  same  temperature.  This  portion 
is  called  total  hemispherical  emissivity  of  a  nonblack  body  e. 

Quantity  e  depends  on  many  parameters,  including  the  nature,  snape, 
•-rfac:.-  ..-.ailiry  of  she  oocy  oeing  investigated,  its  temperature, 


aria 


also  the  length  or  range  of  wavelengths  of  the  energy  being 
emitted. 


In  contrast  to  solids  ..the  gas  does  not  radiate  ,  heat  In  the 
enltre- range  of  wavelengths,  but  selectively  —  only  in  definite 
narrow  ranges  of  the  spectrum. 

In  rocket  engines  oscillatory-rotatory  and  purely  rotatory 
bands  of  molecules  of  gases  H20,  C02>  CO,  NO,  OH  and  HP  make  the 
basic  contribution  to  radiation  of  gases;  in  this  case  triatomic 
gases  radiate  energy  more  intensively  than  diatomic. 


In  the  case  of  thermal  equilibrium  (Kirchhoff  law  is  assumed 
valid)  total  hemispheric  emissivity  of  single-component  gas  is 
found  by  formula 


« 


exp[-tf(<«>,  T ,  p,pi)  p A \dw. 


(7.^5) 


where  K(u,  T,  p,  p1)  -  attenuation  factor  of  beam,  equal  to  absorp¬ 
tion  coefficient  for  absorbing  media;  E(u>)  -  radiation  energy  of 
black  body;  a  -  Stefan-Boltzmann  constant;  l  -  length  of  path  of 
beam;  <d  -  wave  number. 


As  follows  from  formula  (7*^5),  for  theoretical  calculation  of 
emissivities  of  gas  it  is  necessary  to  determine  quantity 


K  («,  T,  p,  pi) 

depending  on  atomic  or  molecular  parameters,  and  then  calculate  the 
Integral.  Exact  solution  of  this  problem  with  allowance  for  all 
factors  is  very  complex.  At  the  temperatures  and  pressures  character¬ 
istic  for  intrachamber  processes  in  contemporary  rocket  engines  (RD), 
the  determination  of  absorption  coefficient  of  single-component  gas, 
and  also  the  mixture  is  facilitated  bv  the  fact  that 
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1)  the  spectrum  of  absorption  of  molecules  of  gases  consists 
of  many  completely  overlapping  lines; 

2)  oscillating  spectral  bands  of  the  mixture  of  combustion 
products  partially  or  completely  overlap  each  other. 

Total  pressure,  beginning  from  which  the  spectral  lines  of 
bands  at  temperature  290-300°K  practically  overlap  and  the 
emissivity  e  becomes  relatively  insensitive  to  total  pressure,  for 
H20  %  3  bar,  for  C02  a.  l  bar  and  for  CO  *  10  bar  [9],  and  at 
temperatures  ^3000°K  in  bands  of  molecule  H20  -  at  pressure  %i  bar 
C02  a,  0.1  bar,  CO  ^  1  bar,  HC1  ^  18  bar,  NO  -v  13  bar,  OH  20  bar 
and  HP  ^  40  bar  [10] , 

For  determination  of  the  emissivity  of  these  gases  the 
analytical  method  [9]  seems  useful,  involving  the  fact  that  each 
oscillating  -  rotational  band  of  i-th  gas  is  represented  in  the 
form  of  a  rectangle  with  effective  bandwidth  Au>1J  and  average  index 

of  absorption  ^(w),  being  determined  by  molecular  parameters  at 
low  temperature. 

Results  of  calculations  of  (u>)  for  molecules  of  certain  gases 
[10]  are  presented  in  the  form  of  a  summary  chart  on  Fig.  7.6. 

Values  of  on  the  chart  are  determined  at  partial  pressure  of 

components  equal  to  1  bar. 


Fig.  7.6.  Relationship  of 
absorption  R^j(u>)  for  certain 

molecules . 


u 


Calculation  of  the  emissivity  of  gas  and  mixture  using  is 


in  such  order.  Value  of  R^rn)  from  the  chart  is  multiplied  by 


partial  pressures: 


K !){"',  Pi)—  K i Pi, 


(7.46) 


then  we  correct  according  to  temperature: 


Pi,  p,) 


3  103 


(7.47) 


The  emissivity  e  of  mixture  of  gases  for  the  system  of 
oscillating  bands  with  allowance  for  their  overlap  is  determined  by 
formula 


U -Pxpl-A'i/K  Pi,  T))p,1\  — ' 


aT « 


(7.48) 


Here  Aw^  -  interval  of  wave  numbers  of  J-th  oscillating  band 


of  i-th  gas;  EAy  -  radiation  energy  of  absolutely  black  body  in 

*  J 

the  interval  of  wave  numbers  Aw^  . 


For  engines  which  operate  on  propellants  from  C,  H,  0,  N- 
elements  the  radiation  of  combustion  products  is  caused  primarily  by 
the  content  of  water  vapors  and  carbon  dioxide  in  them. 


Taking  into  account  radiation  of  only  H^O  and  C02  the  emissivity 
factory  of  the  mixture  is 


*/  —  *H.O  4'  'co.~ 


(7.49) 


where  .quantity  Ae  considers  that  the  intervals  of  wavelengths  of 
radiation  H20  and  C02  partially  coincide,  l.e.,  radiation  energy 
H20  Is  partially  absorbed  by  C02  and  vice  versa. 
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At  specified  values  of  p the  emissivities  of  gases  increase 
with  increase  of  total  pressure.  When  >1  bar  they  somewhat  exceed 
the  quantities  obtained  by  using  the  accepted  values  of  effective 
width  of  bands. 

Quantity  eH  Q  over  the  range  of  temperatures  1500-3000°K  with 

allowance  for  the  effect  of  total  pressure  can  be  determined  by 
calculations  of  Ludwig  and  Ferrizo  [20],  quantity  e^0  in  this 

range  -  by  results  of  [21]. 

The  effect  of  surface  configuration  on  e,  inside  which  gas  is 
included,  i.e.,  length  of  beam  path  Z,  is  expediently  considered 
according  to  the  method  proposed  by  Khottel'.  Khottel'  examines 
radient  heat  exchange  between  hemispherical  gas  body  of  radius  l 
and  a  section  in  the  center  of  its  base,  in  this  case  the  total 
length  of  each  beam  is  equal  to  Z.  Any  other  gas  body  is  replaced 
by  equivalent  hemispherical  body  -  by  hemisphere  of  radius  7, 
radiating  the  same  quantity  of  energy  to  its  center  that  the  real 
body  radiates  to  the  considered  element.  Values  of  7  are  usually 
listed  in  reference  books. 

/ 

In  conclusion  let  us  note  the  features  of  determination  of 
emi8sivity  of  heterogeneous  systems.  The  gas  phase  of  combustion 
products  for  thermal  radiation  is  homogeneous  or  can  be  assumed 
homogeneous  and,  consequently,  the  passing  radiant  thermal  flow  is 
only  absorbed  by  the  gas  mixture.  Liquid  and  solid  particles  of 
condensate  of  oxides  AlgO^,  MgO  and  others,  contained  in  combustion 
products,  can  withdraw  energy  from  the  flow  of  radiation  both  due 
to  absorption  and  scattering.  Thus,  from  the  viewpoint  of  transfer 
processes  of  radiation  energy  the  two-phase  products  of  combustion 
should  be  considered  as  a  light-diffusing  medium. 

As  a  result  of  scattering  the  spectra  and  angular  distribution 
of  radiation  energy  of  two-phase  products  of  combustion  depend  on  a 
whole  series  of  parameters:  sizes  of  particles,  indicatrix  of 
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scattering,  scattering  and  absorption  coefficients,  thickness  of 
layer,  angle  of  observation,  etc. 

Scattering  includes  a  combination  of  effects  of  reflection, 
refraction  and  transfer  of  radiation  by  particles. 

The  scattered  radiant  energy  is  spread  from  the  place  of 
scattering  Just  as  the  emitted  energy  from  the  place  of  radiation, 
i.e.,  in  all  directions  in  space  -  forward,  to  the  sides  and  back, 
however  not  in  all  directions  with  identical  intensity. 

In  a  small  volume  of  combustion  products,  containing  a  small 
quantity  of  particles,  secondary  effects  of  scattering  can  be 
disregarded.  Radiant  energy,  scattered  by  this  volume,  will  be 
equal  to  energy,  scattered  by  one  particle,  multiplied  by  the  number 
of  particles  in  the  volume.  Such  an  effect  is  called  single 
scattering.  However,  the  energy  is  scattered  two  and  more  times 
more  intensely  in  proportion  to  increase  in  volume,  and,  consequently, 
in  proportion  to  increase  in  quantity  of  particles.  This  effect 
is  called  multiple  scattering  and  is  usually  in  the  assignment  of 
radiant  heat  exchange  in  the  rocket  engine  chamber. 

Scattering  substantially  complicates  the  analysis  of  transfer 
of  radiation  energy.  Generally  for  determination  of  radiant  heat 
flow  from  heterogeneous  combustion  products  it  is  necessary  to 
formulate  equation  of  energy  transfer  through  a  small  randomly 
arranged  volume: 

A 

=  —  [a («))-(- ?(.»))/, +  f  A'H-Si'/',  i)d»>v  4  *£(">).  (7.51) 

dl  4€ 

where  I^(u)  -  intensity  of  radiation  energy  in  direction  t;  a(oo)  + 

+  3(cj)  *  K(u>)  -  attenuation  factor  Including  absorption  coefficient 
a(oj)  and  scattering  factor  S(w);  I ^ ,  ( uj ;  -  intensity  of  incoming 

A 

radiation  in  any  direction  T\  indicatrix  of  scattering 

radiation,  representing  angular  distribution  of  scattered  radiation 
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I 
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in  a  given  place  in  different  directions;  f  -  any  direction  of  beam, 
from  which  the  scattered  radiation  passes  into  the  considered 
direction  t  of  energy  transfer;  e  -  emissivity  of  medium. 

The  physical  meaning  of  transfer  equation:  change  in  intensity 
of  radiant  thermal  flow  on  the  element  of  length  is  made  up  of 
attenuation,  caused  by  absorption  and  by  scattering,  of  amplification 
due  to  radiation  of  medium  and  of  amplification  due  to  scattering 
of  energy  flows  in  this  direction,  which  are  spread  in  all  other 
directions . 

Solution  of  equation  (7.51)  is  a  complex  mathematical  task. 

For  calculation  of  coefficients  of  absorption  and  scattering, 
which  enter  equation  (7-51)  data  are  necessary  on  sizes  of  particles 
of  condensate,  and  also  data  on  optical  properties  of  material  of 
particles.  Optical  properties  are  characterized  by  complex  index 
of  refraction  m: 


ft 

m-n,— in*  (7.52) 

wheren  n^  -  index  of  refraction,  and  n2  -  index  of  absorption. 

At  present  the  approximate  data  on  optical  properties  the 
range  of  temperatures  of  interest  to  the  technician  are  obtained  only 
for  particles  of  A120^  and  some  other  condensed  products. 

Investigations  of  the  emissivity  of  combustion  products  of 
nluminized  propellants  using  approximate  solutions  of  transport 
equation,  and  also  using  experimental  data  show  that  quantity  e  in  the 
combustion  chamber  is  within  limits  of  0. 3-0.5. 
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CHAPTER  VIII 

THERMOGAS-DYNAMIC  CALCULATION  OP  PROCESSES 
IN  A  CHAMBER 

In  the  chapter  are  examined  methods  of  thermo  gas-dynamics 
calculation  of  basic  processes  in  the  chamber  of  an  engine  opera¬ 
ting  on  chemical  propellant:  combustion  and  different  variants  of 
isentropic  expansion. 

The  methods  can  be  applied  even  for  calculation  of  other  types 
of  heat  rocket  engines. 

8.1.  Problems  of  Calculation  and  Basic 
Assumptions 

In  the  chamber  of  a  rocket  engine,  operating  on  chemical 
propellant,  processes  of  combustion  of  propellant  (section  1-k 
on  the  diagram  of  Fig.  8.1)  and  expansion  of  combustion  products 
(section  k-c)  are  carried  out. 


Pig.  8.1.  Design  diagram  of  the 
chamber  of  a  rocket  engine. 
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Combustion 


Calculation  of  combustion  consists  of  determining  the  parameters 
of  combustion  products  r.t  the  nozzle  inlet.  Total  enthalpy  of 
propellants  and  pressure  in  the  combustion  chamber  are  assigned. 

It  is  customary  to  assume  that  at  the  nozzle  inlet  the  state 
of  combustion  products  is  completely  equilibrium.  In  connection 
with  this  the  basis  of  calculation  of  combustion  comprises  determina¬ 
tion  of  the  equilibrium  composition  of  working  medium,  examined  in 
Chapter  VI.  In  this  case  all  the  assumptions  introduced  into 
calculation  of  equilibrium  composition  are  retained.  Additional 
generally  accepted  assumptions  during  calculation  of  combustion 
are  adiabaticity  and  steadiness  of  processes  and  also  total  heat 
liberation  on  the  section  of  the  combustion  chamber. 

Fundamental  equation  for  the  described  model  of  the  process 
is  equation  of  conservation  of  energy,  which  can  be  written  so: 

/;-/,  =  0.  '8.1) 

Here  I*  -  total  enthalpy  of  braked  flow  at  the  nozzle  lruc  *■ - 1  - 

K  1 

total  enthalpy  of  propellant. 

Total  enthalpy  of  a  unit  of  mass  of  propellant  is  considered 
as  it  is  shown  in  Chapter  V.  For  solid  propellant  quantity  I  is 
determined  under  conditions  in  the  chamber  of  (PAH)  [RDTT] 
solid-propellant  rocket  engine  before  the  beginning  of  combustion, 
for  liquid  propellant  -  under  conditions  in  fuel  tanks.  The  latter 
not  entirely  obvious  position  can  be  proved  by  applying  the  equation 
of  conservation  of  energy  of  propellant  and  of  combustion  products  on 
the  section  from  fuel  tanks  to  the  nozzle  inlet  (section  k-k).  Let 
us  consider  this  section  energy  isolated,  since  heat  exchange  with 
the  surrounding  medium  can  be  disregarded,  and  there  are  not  other 
forms  of  energy  excnange. 
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For  (WPA)  [ZhRD]  liquid-propellant  rocket  engine  with  after¬ 
burning  of  generator  gas  in  the  basic  chamber  the  equation  of  con¬ 
servation  of  energy  should  be  written  so: 

'o .G„;  +  'fir  4  La  ofiBK + L„fir  —  Lt  (Gok;  +  GrI)=  i: (Gux  4  Gr). 
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Here  I  ,  I  -  total  enthalpies  of  iuel  components  in  the  tanks;  G 
Gr  -  total  flow  rates  per  second  cf  components;  Gok^,  Gr^  -  flow 
rates  per  second  of  components  in  the  first  (gas-producing)  stage 
of  combustion  chamber;  L  ,  L  -  energies  imparted  to  components 
by  pumps;  nT  -  work  of  the  turbine. 

Form  energy  balance  in  the  turbopump  unit  it  follows  that 

1  H.OKGoK"t  ^u.rGr—  L-r  ( GoMl"l-^rl)  • 

Therefore  the  equation  of  conservation  of  energy  takes  the  form 

IonGott  +  IrGrm*r  ( Gox4" Gr)  • 

Having  divided  this  expression  by  G  =  G  +  G  we  obtain: 

t  ok  r 

-'\,k#>ok  +  IrK r~-  !«• 

i.e .  , 


Analogous  reasonings  for  liquid-propellant  rocket  engines 
without  afterburning  of  generator  gas  lead  to  relationship 

/ 1  4  L  H  -  /  K- 

Quantity  L  is  energy  imparted  to  fuel  components  in  the  pumps: 

H 


oHgoH  +  ^H.rgr- 


Thie  energy  lnoreaae  the  total  enthalpy  of  baslo  fuel  components 
due  to  the  enthalpy  of  auxiliary  fuel,  uaed  In  the  gae  generator, 
lnoreaae  in  the  enthalpy  of  baalo  component*,  equal  to  LH,  la  email. 
Zta  computation  cannot  change  the  apeoiflc  thruat  obtained  by 
oaioulatlon  by  more  than  tentha  of  a  percent.  Thla  la  uaually 
dl a regarded  and  for  liquid-fuel  rocket  enginea  without  afterburning 
of  generator  gaa  we  alao  take  1*  ■  I  . 

Two  aoheaMS  of  calculation  of  the  combuatlon  proceaa  can  bo  of 
praotloal  interact. 

1.  Combuatlon  when  p  ■  conat  (iaobaric  combuatlon  chamber). 

Velocity  of  working  medium  on  aection  1-k  la  taken  equal  to 
eero  (w^  ■  w  ■  0).  Thia  la  reaponalble  for  equalltlea: 

*-*-*-*.  I  (8>2) 

r.-rt.  | 

Equation  of  conaervatlon  of  energy  (8.1)  takea  particular  form: 

W,-a  <8-3> 

2.  Combuatlon  when  p  ¥  conat  (noniaobarlc  combustion  chamber). 

On  aection  1-k  the  heat  liberation  la  accompanied  by  substantial 
acceleration  of  the  working  medium  (w„  >>  0)  and  by  a  drop  of 
pressure.  In  connection  with  this  the  following  relationships  are 
valid: 


Pu<Pt 
£  <Pv 
Pn<fi 

r.<K 


conj 

(8.4) 

i 

equ 

wldi 
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Equation  of  conservation  of  energy  (8.1)  can  be  written: 


Expansion 

The  calculation  of  the  expansion  process  also  Includes 
assumptions  additionally  utilized  during  calculation  of  equilibrium 
composition.  The  process  is  considered  adiabatic  and  steady.  There 
is  assumed  homogeneity  of  the  composition  and  parameters  of  mixture 
along  the  section  and  one-dimensional  flow,  including  purallellsm 
of  flow  at  the  nozzle  exit.  Por  heterogeneous  mixture  there  is 
assumed  temperature  equilibrium  of  gas  and  condensate  (7,-r,) 
and  also  high-speed  equilibrium  (w,-w,).  The  absence  or  irreversible 
phenomena  is  assumed.  Along  with  adlabaticity  this  assumption 
causes  lsentroplcity  of  the  expansion  process. 

The  fundamental  equation  for  such  a  model  of  the  expansion 
process  is  equation  of  constancy  of  entropy: 


#— es-O,  (8.6) 

where  s„  and  s  -  entropy  of  unit  of  mass  of  combustion  products  at 
the  nozzle  inlet  and  in  any  section  of  the  nozzle,  respectively. 


Different  variants  of  expansion  can  be  considered  within  the 
framework  of  lsentroplcity. 

1.  The  completeness  of  equilibrium  expansion  (subsequently 
concisely  called  equilibrium  expansion). 

The  real  process  of  expansion  is  very  frequently  close  to 
equilibrium,  and  that  is  why  the  scheme  of  equilibrium  expansion  is 
widely  used  in  the  practice  of  calculations. 
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/.  Chemically  "frozen"  expansion  or  expansion  with  constant 
composition  of  working  medium  (eoncldely  called  frozen  expansion;. 

Prozen  expansion  can  < ccur  under  conditions  when  the  rates 
of  chemical  reactions  are  small  and  tne  time  tne  gas  stays  in  the 
nozzle  Is  not  sufficient  for  their  realization. 

Calculation  according  to  the  scheme  or  frozen  expansion  is 
usually  dene  in  addition  to  calculation  of  equilibrium  expansion. 
Nesults  of  these  two  calculations  determine  the  range,  Inside  which 
Indices  of  the  real  process  are  found. 

3.  Expansion,  equilibrium  to  a  certain  temperature,  and  further 
frozen . 

The  scheme  of  calculations  with  sudden  freezing  of  the  composi¬ 
tion  at  a  certain  temperature  can  sometimes  satisfactorily  replace 
the  very  complex  scheme  of  the  real  process  with  allowance  for 
kinetics  of  chemical  reactions. 

8.2.  Calculation  of  Combustion  In  an  Isobarlc  Chamber 


In  comparison  with  calculation  of  equilibrium  composition  at 
p,  T  ■  const  an  additional  unknown  is  the  combustion  temperature  T 
and  additional  equation  is  the  equation  of  conservation  of  energy 
(8.3). 

e 

The  following  means  of  calculation  is  natural.  By  the  method  0 

described  in  Chapter  VI  we  determine  the  equilibrium  composition  of 
working  medium  at  prescribed  pressure  pK  and  some  value  of 

temperature  T.  Values  of  T  right  up  to  true,  satisfying  the  equation  t 

of  energy,  are  improved  by  the  Newton  method,  appiied  to  equation 
(8.3).  Equation  of  conservation  of  energy  at  arbitrary  value  of 
temperature  T  has  the  form: 


/-/ T-ft,. 
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Hy  '<  f !  »4’  Ur- 


<*wt  j i 


U.  a\  t  H  we  cbtaln 


,  I 

{»r 


i 


or 


r 


(8.7) 


ix;ri  vat  L  ve 


(3I/3T)  mav 

P 


a  so  be*  determined  numerically: 


/ dt )  1  iT+  »y>  —  /  *r) 

'or  »r 


n 


Refinement  of  temperature  la  carried  out  by  formula 

. . j  A7i',’\  (3.8) 

where  r  -  number  of  approximation.  Approximations  are  fulfilled 
until  achievement  of  the  necessary  accuracy. 

One  could  use  a  more  general  and  more  economical  method  of 
calculation.  Let  us  give  this  method  for  a  general  case  of  hetero¬ 
geneous  mixture.  Initial  system  of  equations  consists  of  equations 
obtained  earlier  namely:  equation  of  dissociation  of  uncondensed 
substances  (6.3),  equation  of  conservation  of  substance  (6.11), 
equation  of  Dalton  law  (6.8),  equation  of  dissociation  of  gas  phase 
of  substances  in  condensed  state  (6.12). 

Furthermore,  the  system  is  supplemented  by  equation  of  conserva¬ 
tion  of  energy,  being  written  for  MTMT  kg  of  propellant  and  working 
medium: 


V  _  /°  1  _  / 0 

»  Hq' 1  t  ^11'  > 


(8.9) 


► 


I 


To  closed  system  of  equations  (6.3),  (6. XI),  (6.8),  (6.12), 
(8.9)  lot  us  apply  the  Newton  method,  bearing  in  mind  that  a  new 
unknown  appeared  -  temperature,  with  respect  to  which  differentia¬ 
tion  must  also  be  performed. 


Appearanee  of  the  system  after  application  of  the  Newton  method 
In  this  Instance  Is  such: 


where 

Ar-Ahir.  (8.11) 

Solution  of  system  of  linear  equations  (8.10)  permits  finding 
the  corrections  to  unknowns:  Aq,  Aqz,  A^.  Refinement  of 
unknowns  Is  performed  Just  as  when  determining  the  composition. 

Thus  a  Joint  solution  of  the  equations  (6.3),  (6.11),  (6.8),  (6.12), 
(8.9)  permits  determining  both  the  equilibrium  composition  and 
temperature. 

8.3.  Calculation  of  Isentroplc 
Equilibrium  Expansion 

Let  us  examine  the  calculation  of  different  variants  of 
equilibrium  expansion  within  the  framework  of  lsentroplcity . 

Expansion  up  to  Prescribed  Pressure 

The  most  commonly  used  variant  of  such  calculation  is  calcula¬ 
tion  of  the  process  of  expansion  from  conditions  In  the  combustion 
chamber  up  to  prescribed  pressure  in  the  nozzle.  The  problem  of 
calculation  -  determine  the  equilibrium  composition  of  working  medium 
and  the  temperature,  at  this  pressure-.  By  these  data  one  can  determine 
the  other  necessary  parameters. 
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For  genera]  case  of  heterogeneous  system  the  unknowns  are 
In  n,  (In  p  ) ,  In  n„ ,  In  ri  _ ,  In  M_ ,  In  T  -  ( '•  ♦  m  ♦  ?)  quantities 

Q  q  O  i*  v  t*  T 

in  all. 

There  are  (1  m  +  l)  equations  of  type  (6.3),  (6.11),  (6.8), 
(6.12)  and  additionally  -  equation  of  constancy  of  entropy  (8.6), 

In  which  quantity  8„  Is  known  after  calculation  of  combustion. 

One  way  of  calculation  consists  of  solution  of  system  of 
equations  (6.3),  (6.11),  (6.8),  (6.12)  at  prescribed  pressure  p  and 
assumed  value  of  temperature  T.  The  temperature  Is  refined  by  the 
Newton  method,  being  applied  to  equation  (8.6).  This  gives: 


MM  Ain 

Uln  T)t  * 


where  6 


s 


8  -  SK  (3 


-  entropy  at  accepted  value  of  T)  and 


alnr: 


D_l _  _ 


rpt 


(£r) 


(8.12) 


The  derivative  can  also  be  found  numerically. 


From  approximation  (r)  to  approximation  (r  +  1)  the  temperature 
is  refined  by  formula 


t 


(In 7')('+l>  =  (In Dw  -f  A  In r<,fl)  (8.13) 

until  achievement  of  the  prescribed  accuracy. 

A  more  economical  method  of  calculation  of  expansion  is  provided 
by  Joint  solution  of  system  of  equations  (6.3),  (6.11),  (6.8), 

(6.12)  and  (8.6)  and  simultaneous  determination  of  the  composition 
and  temperature. 
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Exptiiiulon  to  Prescribed  Temperature 

If  the  temperature  of  the  end  of  expansion  !'  has  been  prescribed , 

then  the  pressure  of  working  modium  p  correspond l ng  to  this  tempera¬ 
ture  beaomes  unknown. 

Analogous  to  the  case  of  calculation  of  expansion  to  prescribed 
pressure,  one  means  of  calculation  i3  to  determine  the  equilibrium 
composition  at  preacrlt-  *1  temperature  T  and  approximate  value  of 
px*e„  un  e  p,  and  then  refine  the  solution  bv  Newton  method,  applying 
It  to  equation  of  entropy  (8.6). 

At  assignment  of  approximate  value  p  the  equation  of  constancy 
of  entropy  is  not  satisfied: 


s(Ih 

According  to  the  Newton  method 


Alnp~ 


_ 

(d*/<Mn  p)r 


(8.1H) 


Derivative  (3s/3  In  p)T  is  either  determined  numerically,  or  Is 
reduced  to  the  form  (see  Table  7.1): 


or 


pv  .  _  (jl  *n  f*  \  I  _  _ Wn 
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(8.15) 


Refinement  is  performed  until  the  prescribed  accuracy  has  been 
attained . 
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Th«*  I  variant  of  •  i  I ru ! at  1  on  is  provided  by  Joint  solul.  .i 

of  <-quni  Ions  vf  1  Isaoci  1  o  :  unooiidiM.sed  aubotat.cen,  uquat !  on. a  jf 
con;5frv'itl on  of  substance,  ejuutlonu  or  dissociation  of  gas  phase  of 
substances  in  •■■iidensed  a  late  and  equation  of  constancy,  of  entropy. 
Clnoo  '  r-i  nature  !.i  assigned,  corrections  A.j,  are  absent  in 
correct l  e.  equation.!. 

an:'.  I  n  to  Prescribed  Number  M 

A  feature  of  this  variant  of  calculation  consists  of  the  fact 
that  botii  pressure  ami  temperature  were  earlier  unknowns.  Let  U3 
use  the  system  of  equations  of  the  variant  of  calculation  to 
prescribed  pressure,  with  the  exception  of  conation  of  Dalton  law. 

It  consists  of  ( l  +  rn  +  1)  equations  of  type  vu.j),  (6.11),  (6.12), 
<.d.6).  fu"’fcer  of  unknowns  is  l  +  m  +  <•. . 

The  equation  closing  the  system  in  the  equation  of  conservation 
of  energy,  being  written  for  1  kg  of  mixture  in  the  form 

'  ■  f-/T-o. 

Having  multiplied  and  divided  the  second  term  by  the  square 
of  equilibrium  speed  of  sound,  we  obtain 


/  i-M!- 1  —  /T=0. 
2  r 


Having  returned  to  expression  (7.19),  let  us  write 


/  !  MJ 


2*  i  + 


j  <>  in  |*  \  T 
Uln  p  Jt. 


/.  =  0. 


(3.16) 


Common  solution  of  system  of  equations  (6. 3),  (6.11),  (6.12), 
(8.6)  and  ( 8 . 1 6 )  by  Newton  method  allows  determining  the  equilibrium, 
composition  aim  temperature.  Pressure  is  determined  by  equation  of 
Dalton  law. 
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Expansion  to  Local  Speed  of  Sound  (M  ■  1) 

Calculation  of  expansion  to  local  speed  of  sound  Is 
necessary  for  accurate  determination  oi  flow  parameters  In  the 
nozzle  throat. 


It  Is  obvious  that  this  calculation  can  be  performed  as  a 
particular  case  of  the  previous  variant  when  M  ■  1. 

Let  us  give  an  additional  means  of  determination  of  parameters 

In  the  nozzle  throat.  It  Is  known  that  pressure  In  this  section  Is 

approximately  (0.53-0.57)  p  *.  Having  prescribed  the  value  of 

p  from  this  range,  by  the  method  examined  earlier  it  Is  possible 

to  calculate  equilibrium  expansion  to  prescribed  pressure  and  find 

approximate  value  of  I*  and  other  parameters.  Further  refinement 

rcp 

of  the  amount  of  pressure  Is  performed  with  the  aid  of  equation 
(8.16),  to  which  the  Newton  method  is  applied.  Equation  (8.16)  in 
general  form  can  be  written  so: 

9(P.  4)  **0. 


By  applying  the  Newton  method  and  considering  that  as  a  result  of 
isentropicity  ds  ■  0,  let  us  write: 


(8.17) 


The  denominator  of  equation  (8.17)  can  be  found  with  the  aid 
of  Table  7.1,  in  this  case  in  the  interval  of  change  of  pressure  Ap 
quantities  kp,  y,  (3  In  y/3  In  p)T  can  be  considered  constants.  As 
a  result  we  obtain  the  calculation  expression  for  Ap: 


Ap 


R(\T  a„al 


(8.18) 
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Pressure  Is  refined  by  formulu 


P  P  r  &P  . 

after  which  calculation  of  isentr>pic  expansion  to  prescribed 

pressure  p^r+1^  is  repeated.  The  entire  calculation  Is  finished 
after  obtaining  the  prescribed  accuracy  with  respect  to  pressure: 

A 

where  u  -  permissible  error  of  calculation  prescribed  in  advance. 

Expansion  to  Prescribed  Relative  Area 

Characteristic  quantities  of  any  section  of  the  chamber  passage 
are:  relative  area  of  section  (for  nozzle  -  geometrical  expansion 
ratio  of  nozzle) 

/=—;  (8.19) 

rkp 

[Translator's  note:  kp  ■  throat] 
specific  area  of  section 

(8.20) 

[Translator's  note:  ya  ■  specific] 

It  is  obvious  that 

J  AWp 

and  on  the  basis  of  continuity  equation 


The  considered  variant  of  ea 
parameters  In  the  nozzle  section 


1  culation  allow:! 
with  prescribed 


de term l nl nr 
quantities  fl 
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or 


It  Is  necessary  to  3olve  equation 

/~/° 


or 


(8.22) 


siuto  -'t  prescribed  pressure  in  the  combustion  chamber  quantity 

Kp  •  The  value  of  F^  is  determined  according  to 

prescribed  relative  area  f°  and  quantity  P  ,  which  Is  known 

ya.Kp’ 

after  calculation  of  expansion  to  M  ■  1: 


F°  -  /°  • 

'*  (awK,  ‘ 


(8.23) 


Specific  area  F  depends  on  the  pressure  and  temperature  in  the 

Jr  M 

given  nozzle  section;  equation  of  state  and  general  thermodynamic 
relationships  allow  use  of  other  quantities  as  arguments. 


Relationship 


s) 

is  close  to  linear,  therefore  equation  (8.22)  is  expediently 
represented  in  the  form 


<?(lnp,  s)  =  ln  —  In/7®,.  (8.24) 

By  applying  the  Newton  method  and  taking  into  account  that  as  a 
i!t  of  isentroplcity  ds  =  0 ,  let  us  write 


A  In  p— 


In  —  In  Fyt 
(d\nFy*/o\n  p), 
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Derivative  (D  In  !•'„/<)  In  p).  can  be  determined  numerically  <  r 

y  a 

with  the  aid  wf  thermodynamic  relationships.  The  last  way  is 
preferable.  By  using  equation  of  conservation  of  energy  In  the  form 


O  T 


let  us  represent  In  F  so 

y  ai 


In  f'yl  —  —  In Q —  In  V'  /)• 


Now  with  the  aid  of  fable  7.1  it  is  possible  to  write 


/  <)ln  Fy ,  \ 

(±~±\ 

l  din  p  ), 

1*  ^ 

») 


the 


and  the  final  expression  for  &  In  p  takes  the  form: 


Ain  p— 


In  —  In  Fyn 

*£/j _ 1] 

(*  U'2  <J*  ) 


(3.25) 


Calculation  of  expansion  to  prescribed  relative  area  f°  can  be 
completed  in  such  a  sequence.  Let  us  designate  the  assumed  value 
of  (for  example,  with  the  aid  of  tables  of  gas-dynamic  functions) 

and  let  us  calculate  expansion  to  prescribed  pressure.  As  a  result 
let  us  determine  all  the  thermodynamic  characteristics  and  properties 
at  pressure  p^^.  By  formula  (8.25)  let  us  compute  logarithmic 
correction  A  In  p  and  let  us  refine  the  quantity  of  pressure 


In  p{l)  =ln  p[0)  -j- A  In  /?(1). 

After  this  the  calculation  of  expansion  to  assigned  pressure, 
etc.,  is  repeated  until  the  required  accuracy  with  respec  to 
quantity  f  is  attained. 


:2t 


* 


L, 


8.4.  Calculation  of  Isentroplc  Frozen  Expansion 


Chemically  frozen  expansion  is  taken  as  expansion  with 
constant  composition  of  working  medium.  If  we  consider  frozen 
expansion  from  some  Initial  known  conditions  up  to  pressure  p,  then 
the  constancy  of  composition  can  be  written  In  the  following  manner: 


Pi  W  Pun  _ Mtju* _ 

Pi  =  P  Af7~"’ 


(8.26) 


„  (8.27) 

nr*  n,, 

[Translator's  note:  Hav  ■  initial] 


In  expressions  (8.26)  and  (8.27)  tt  -  assigned  quantity. 
Relationship  (8.27)  follows  from  condition 


2q “const, 

where  zq  -  weight  fraction  of  q-th  condensed  product,  determined 
by  expression  (6.32). 

Inasmuch  as  the  composition  of  working  medium  and  quantity  M 
are  determined  by  relationships  (8.26)  and  (8.27),  there  is  no  need 
to  solve  complex  system  of  equations  of  chemical  equilibrium  with 
refinement  of  temperature  or  pressure.  Unique  unknowns  are: 
temperature  -  during  calculation  of  expansion  to  prescribed  pressure, 
pressure  -  during  calculation  of  expansion  to  prescribed  temperature, 
or  temperature  and  pressure  during  calculation  of  expansion  to  M  *  1 
and  to  f^5.  For  their  determination  we  use  equations  (8.12),  (8.15), 
(8.18)  and  (8.25)  respectively. 

As  the  basis  for  calculation  of  frozen  expansion  to  various 
conditions  (pressure,  temperature,  number  M  or  f°),  as  in  the  case 
of  equilibrium  expansion,  there  can  be  used  calculation  of  expansion 
to  prescribed  pressure.  Let  >vs  examine  this  ’rariant  in  ncre 
detail . 
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In  accordance  with  formula  (8.12)  in  case  of  working  medium  of 
constant  composition  it  is  possible  to  write 

AT  —  T  ^H*11  —  * ) 

c  * 

CP  3 


where  s  -  known  quantity  of  entropy  of  1  kg  of  working  medium. 

Entropy  and  frozen  thermal  capacity  of  the  mixture  are 
determined  by  formulas  (7.3)  and  (7.13)*  Let  us  substitute  initial 
values  of  n^  (p  ) ,  nsz>  nrz»  MT  ln  them  by  formulas  (8.26)  and 
(8.27).  After  simple  conversions  we  obtain: 


bT  = 


T  fXj  (M i5)HaM  2  flq  nt h  5^  Rq Ppm 


lb  nq  Htt C [q  +  flf2  H 4"  A, 


St  HIM  St 


T 

r~ 


*0  nq  k«*  ln  nq  h»«~  —  nal 

q _ 

2  nq  imCpq  +  Urt  h vsCrt  +  nSzCst 

q 


(8.28) 


where  entropy  and  thermal  capacity  of  gas  (S^,  C  )  and  condensed 
0  0  Q  PQ 

(S  ,  S  ,  C  ,  C  )  phases  are  calculated  at  temperature  T. 
rz  s  z  i*z  sz 


The  temperature  is  refined  until  achievement  of  the  prescribed 
accuracy.  In  zero  approximation  the  value  of  T  can  be  estimated  by 
isentropic  equation  of  type 


1  —  " 

r=n  "  r,„, 


using  tentative  values  of  mean  isentropic  index  of  expansion. 


Conversion  of  formulas  (8.13),  ( 8 . 1 8 )  and  (8.25)  for 
calculation  of  other  variants  of  frozen  expansion  is  performed 
similar  to  that  described  above. 


of 


By  comDinmg  the 

■»o  process  hesid.'s 


variants  given 

the  .  <a. -i!  ■'.nd 


in  this  paragraph, 
an  he  calculated. 


other  schemes 
Thus,  for 
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instance,  the  scheme  with  sudden  freezing  is  described  by  equilibrium 
expansion  to  prescribed  temperature  or  pressure  (depending  on 
whether  conditions  of  freezing  have  been  specified)  and  further  by 

frozen. 


8.5.  Calculation  of  Combustion  in  Nonisobaric 
Cylindrical  Chamber 

Nonisobaric,  or  high-speed,  as  they  are  still  called,  combus¬ 
tion  chambers  are  characterized  by  small  values  of  relative  area  of 
combustion  chamber 


/.-A.  (8.29) 

F> >P 

[Translator's  note:  k  =  chamber] 

Under  identical  initial  conditions  in  section  1-1  (see  Fig. 

8.1)  the  parameters  of  working  medium  at  nozzle  inlet  (section  k-k) 
will  be  different  depending  on  values  of  f  .  When  f  =  1  the  working 

K  K 

medium  in  section  k-k  reaches  critical  velocity. 


and 


Let 


corr 

(7.' 


or 


For  calculation  of  combustion  in  nonisobaric  chamber,  besides 
total  enthalpy  of  propellant  I  and  pressure  p-^,  the  quanity  of 
relative  area  of  combustion  chamber  fR  must  be  prescribed. 


For  determination  of  the  equilibrium  composition  of  working 
medium,  its  properties  and  temperature  in  section  k-k  it  is  possible 
to  write  the  following  equations:  equations  of  dissociation  of 
uncondensed  substances  (6.3)>  equations  of  conservation  of  substance 
(6.11),  equations  of  dissociation  of  gas  phase  of  substances  in 
condensed  state  (6.12).  Equation  of  Dalton  law  cannot  be  used, 
inasmuch  as  pressure  p  is  unknown  earlier.  Let  us  use  the  equation 
of  pulses,  written  for  a  section  of  cylindrical  pipe  between  sections 
1-1  and  k-k: 


(7 

add 

clo 

< 

and 

J 

sys' 


/h+Ci®?5*  ?«+*«*£• 


(8.30) 
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Having  designated  known  quantities 

Pi  \  W^x  =  Pf 


and  bearing  in  mind  that 


P*  -  Pv 

<4 

Let  us  write  equation  o*’  pulses  so: 

(8.31) 

Q 

Finally,  one  ought  use  equation  of  energy.  For  nonisobaric 
combustion  chamber  it  was  written  in  form  (8.5).  By  using  expression 
(7.1)  for  enthalpy  of  working  medium,  we  obtain 

-h, /°,  2 

J _ j _  il  _  /  —n 


or 

(8-32) 

<7 

Thus,  there  are  (l  +  m  +  2)  equations  for  determination  of 
{l  +  m  +  3)  unknowns:  equations  (8.31)  and  (8.32)  include  an 
additional  unknown  -  velocity  w.  The  system  of  equations  can  be 
closed  by  use  of  equation  of  continuity,  written  for  section  k-k 
and  throat . 


pn 
j-  ns 
f 


;) 


The  solution  consists  of  finding  the  values  of  wK  at  which  the 
system  is  valid. 

Let  us  write  continuity  equation  for  sections  k-k  and  kp-kp: 
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or 


e«w«=— ’ 


c 

/« 


(8.33) 


where 


C  =flKPW«p* 


(8.34) 


According  to  equation  of  state  and  with  allowance  for  relation¬ 
ship  (6.33) 


PttV-K  _ 

RqT  k  PqT  k 


(8.35) 


Let  us  write  equation  (8.31)  in  the  form 


11  _  I  (0«»k)2 

h  Pi  +  — - =Pf- 


Then  with  allowance  for  expressions  (8.33)  and  (8.35),  we  obtain:1 


(8.36) 


where 


</  =  4  — 

A  ib 


In  logarithmic  form  the  equation  of  pulses  looks  like 


(8.37) 


Let  us  also  convert  equation  of  energy,  using  relationships  (8.33), 

(8.35): 


‘When  writing  the  equations,  which  determine  composition  and  tem¬ 
perature  of  working  medium  in  section  k-k  criterion  of  the  section  - 
index  "k"  is  dropped  here  and  further. 
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(8.38) 


3) 


*0 


on- 


5) 


) 


i 

i 


(7) 


tem- 
>n  - 


2  pq'°„  +  n„/°„  +  +  V  =  0- 

<1 

To  system  of  equation  (6.3),  (6.11),  (6.12),  (8.37)  and  (8.38) 
we  can  apply  the  Newton  method  and  obtain  equations  that  are  linear 
relative  to  corrections:  A^ ,  A rz,  Agz,  A^,  A^. 

Algorithm  of  the  solution  of  the  system  is  the  following. 

We  assigned  initial  values  of  unknowns  p  ,  n  ,  n  ,  M 

(j  I*Z  S  Z  T 

(randomly)  and  quantities  c,  indirectly  characterizing  the  velocity 
of  working  medium  w  .  In  zero  approximation  the  value  of  quantity 
c,  assigned  by  formula  (8.3*0,  is  taken  according  to  calculation 
of  isobaric  chamber  (f  «  °°).  Equilibrium  composition  and  flow 

K 

parameters  at  the  nozzle  inlet  are  determined. 

By  the  found  data  we  calculated  the  entropy  of  working  medium 
and  calculated  equilibrium  expansion  to  local  speed  of  sound.  We 
found  new  parameters  of  the  throat  and,  consequently,  new  value  of 
quantity  c,  which  is  introduced  into  calculation  of  the  following 
approximation,  e*c.  Calculation  is  repeated  until  in  the  neighbor¬ 
ing  approximations  the  values  of  control  parameter  In  the  nozzle 
throat  coincide  with  prescribed  accuracy.  Such  a  parameter 
can  be  temperature,  pressure  or  velocity. 

After  termination  of  approximations  the  parameters  of 
working  medium  at  the  nozzle  Inlet  are  determined  by  the  following 
formulas : 


9 


CKP»«P 

On  fa 


or  w,  =  V‘2  (/,--/„). 


It  is  interesting  to  determine  total  head  values  of  working 
medium  at  the  nozzle  inlet.  For  this  the  isentropic  equilibrium 
stagnation  of  working  medium  to  =  0  must  be  calculated.  The 
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process  is  described  by  equations  of  dissociation  and  conservation  of 
substance  of  type  (6.3),  (6.11),  (6.12),  by  equation  of  energy  of 
type  (8.1)  and  by  equation  of  constancy  of  entropy  of  type  (8.6). 
Solution  of  the  system  gives  the  equilibrium  composition  of  stagna¬ 
tion  working  medium,  quantity  Mt  and  the  value  of  stagnation  tempera¬ 
ture  Tk#.  Stagnation  pressure  is  determined  by  usual  formula: 

PK  ~  Jt^Pq  k‘ 

1 

Calculation  cf  high-speed  combustion  chamber  is  more  general 
with  respect  to  calculation  of  isobaric  combustion  chamber.  The 
latter  is  obtained  as  a  particular  case,  if  in  the  calculation  of 
high-speed  combustion  chamber  we  assume  f  =  ®. 

K 

After  the  conditions  at  the  end  of  the  high-speed  combustion 
chamber  (at  the  nozzle  inlet)  have  been  determined,  it  is  possible 
to  consider  different  variants  of  expansion  by  usual  methods. 

8.6.  Thermodynamic  Calculation  with  the  Aid  of 
diagrams  and  tomograms" 

Results  of  completed  thermodynamic  ■.  nlat  Ions  can  be 
represented  not  only  in  particular  form  for  each  concrete  problem, 
but  also  in  more  general  form  -  In  the  form  of  thermodynamic  diagrams 
or  nomograms,  which  are  conveniently  used  with  repeated  change  of 
Initial  data. 

Each  diagram  characterizes  one  particular  propellant  or  working 
substance.  For  liquid  rocket  propellants  the  diagram  corresponds 
to  the  determined  excess  oxidant  ratio  a. 

Figure  8.2  contains  I-s-diagram  for  combustion  products  of 
kerosene  with  oxygen  when  a  *  0.7.  The  calculation  course  according 
to  the  diagram  is  the  following.  The  point  characterizing  the  state 
of  combustion  products  in  the  combustion  chamber  is  determined 
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prescribed  pressure  pK#  and  by  tne  quantity  of  total  enthalpy  of 
propellant  I  (for  example,  point  A  on  the  diagram  of  Fig.  8.2). 
It  gives  the  value  of  temperature  Tk*. 


Fig.  8.2.  I-s  -  diagram  for  combustion 
oroducts  of  kerosene  with  oxygen  (a  - 
=  0.7). 


The  state  of  working  medium  at  the  nozzle  exit  ( I  and  T,)  is 
determined  by  prescribed  pressure  at  the  nozzle  exit  pc  and  by  the 
value  of  entropy  sc  =  sK  (point  R  on  the  diagram  of  Fig.  8.2). 

The  rate  of  equilibrium  outflow  is  determined  by  usual  formula 
or  directly  found  on  a  special  scale.  With  the  aid  of  the  diagram, 
the  diagram  of  the  exit  section  of  the  nozzle  and  thermal  capacity 
of  gas  can  be  rapidly  found.  All  this  can  be  determined  at  various 
combinations  of  pressures  pK*  and  pc .  The  advantage  of  the  diagram 
also  consists  in  tne  fact  that  it  allows  determining  the  character- 
tic  parameters  with  change  of  initial  enthalpy  of  propellant  (its 
preheating  or  cooling,  refinement  of  heat  of  formation,  etc.).  The 
main  disadvantage  is  the  limitedness  of  each  diagram  by  some 
particular  composition  of  propellant.  This  does  not  always  justify 
the  large  expenditures  of  labor  and  time  for  its  formulation. 

The  entropy  diagrams  for  working  substances,  which  were  under¬ 
going  heating  from  an  independent  source  of  energy  (for  example,  in 
nuclear  engines)  have  wider  value.  One  such  a  diagram  can 


te 


characterize  the  capabilities  of  this  substance  in  a  very  wide 
pressure  and  temperature  range.  Example  of  such  a  diagram  for 
hydrogen  is  on  Pig.  8.3  [51-  The  diagram  contains  lines,  showing 
the  degree  thermal  dissociation  and  ionization  of  the  working 
medium. 


For  thermodynamic  calculation  of  a  rocket  engine  use  can  also 
be  made  of  nomograms,  representing  a  compact  unification  of  charts 
of  basic  relationships  for  the  given  propellant  or  class  of 
propellants.  Nomograms  have  the  same  disadvantages  as  thermodynamic 
diagrams  with  respect  to  labor  input  of  formulation  and  the  limited¬ 
nesses  of  characteristics  being  represented. 
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CHAPTER  IX 

DETERMINATION  OF  THERMODYNAMIC  CHARACTERISTICS 

rn  the  chapter  are  listed  working  formulas  for  determining 
the  i.  ••.■.•.dynamic  o’Mr a.,  tori  st J os ,  methods  of  their  extrapolation  and 

interpolation  are  given.  Initial  data  arq  results  of  thermodynamic 
calculation  of  processes  In  the  chamber. 

9.1.  Determination  of  Thermodynamic 
Characteristics  in  Terms  of  Data 
of  Detailed  Calculation 

After  fulfillment  of  thermogas-dynamic  calculation  under 
prescribed  conditions  in  any  section  of  the  chamber  the  flow  parameters 
P»  T,  p,  u,  I,  and  also  the  composition  and  other  properties  on  the 
working  medium  are  known.  With  the  aid  of  these  quantities  one  can 
deter  nine  the  thermodynamic  characteristics. 

Velocity  of  <n»mhustlon  products  in  an  arbitrary  section 


w=K2(/,-/)  m/s, 


(9.1) 


if  i  !  s  in  J/kg. 


Specific  chamuer  section  area 


F  1  — 

**  0  wq  wpn 


in'-  -s/kg, 


if  Rq  Is  in  J/iaole  •  deg  ; 


w  Is  S ,  pis  in  V./r.‘ 


4 


(9.2) 
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Relative  (.‘number  area 


f  =  l-=f2±- 

Fji.  *p 


(9.3) 


specific  thrust  in  a  void 


V»  =  tP«  +  /!,y«.e-Pe  N-S/kg 


(9.H) 


if 


2  2 
vt  is  in  m/s;  ^  is  in  m  s/kg;  pt  is  N/m  . 


Specific  thrust  at  altitude  h 


pT*k~Pj*.u-F,t.c  P»  -(9.5) 

/peel  flu  thrust  at  condition  p„  =  p. 

*  c  n 

Specific  pulse  of  pressure  in  the  chamber  (expenditure  complex) 


Wit 


IJ-  s/kg. 


( 9 .  n 


Ti'i  ru  it 


. .  i  f : 


out 


(9.3) 
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By  using  formulas  (9.*0-(9.6),  one  can  determine  the  thrust 

coefficient  in  a  void,  at  altitude  h  and  when  p  «  p.  . 

*c  *h 

The  process  of  equilibrium  expansion  from  pressure  p  *  to 
pressure  p  is  often  characterized  by  mean  index  of  isentrope  of 
expansion  n.  The  process  is  conditionally  described  by  equation 
pvn  ■  const,  in  connection  with  which 


(9.9) 


Mean  index  of  isentrope,  being  determined  according  to  the 
connection  between  pressure  and  specific  volume,  in  case  of  a 
reacting  working^  medium  depends  not  only  on  pressure  and  temperature 
at  finite  points  of  the  process,  but  also  on  molecular  weight  at 
'these  points.  With  allowance  for  equations  of  state  quantity  n 
is  determined  by  formula 


-  _  9 

,  K  w  (9.io) 

,n  p  *.K 


When  p  ■  pHp  and  RT  *  RHpTKp  we  obtain  the  value  of  n,  approxi¬ 
mating  the  expansion  process  on  the  section  of  the  nozzle  before  the 

throat;  when  p  »  p  and  RT  ■  R  T  index  n  approximates  the  expan- 

c  c  c 

sion  process  from  the  nozzle  inlet  to  the  section. 

9.2.  Determination  of  Thermodynamic 
Characteristics  with  Respect  to 
Gas-Dynamic  Relationships 

Approximate  values  of  parameters,  necessary  in  the  precomputation 
and  analysis  stage,  can  be  obtained  with  the  aid  of  mean  index  of 
isentrope  n,  determined  by  formula  (9.10)  for  the  process  of  expansion 
between  pressures  p  *  and  p. 

K 
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When  determining  parameters  of  the  subsonic  part  of  the  nozzle 
the  best  results  are  obtained  with  use  of  n,  calculated  by  drop 
of  p  */p  ;  when  determining  parameters  in  the  supersonic  part  -  by 

H  K  p 

drop  of  PH*/PC- 

The  basis  of  the  formulas  is  equation  (9.9) »  equation  of  state 
and  usual  gas-dynamic  relationships: 


(9.11) 


R*  pT  >i  2 

(9.12) 


w,  U+i  /  • 


Vi 9. 13) 


where  R  is  in  J/kg*deg. 

H 


Isobaric  Chamber 

The  velocity  of  combustion  products  at  the  nozzle  section  Is 

determined  by  substitution  of  p  ■  p  in  equation  (9.11).  The  velocity 

c 

of  gas  in  the  throat  with  allowance  for  equations  (9.11)’  and  (9.13) 
is  usually  written  in  the  form 


(9.1*0 


If  instead  of  pressure  at  the  edge  or  in  any  other  section  of 
the  nozzle  relative  area  f  has  been  prescribed,  then  for  determination 
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ilctvin^  values  of  quantities  w  ,  p  ,  F  ,  X  by  formulas 

c  y,t;«u  y  M 

(j.4)-(9.fc)  specific  thrusts  P  ,  P  ,  P  ,  ami  also  complex  p 

y  r  *  • '  *  y/i«n  y«^ 

anJ  coefficient  cf  thrust  can  be  calculates.  basic  quantities 
are  written  so: 


,  >c.  Vk*K  . 


(P.18) 


py"=V  2J!L^}-*j: 


(9.19) 


where 


-9.9i  + 

4  A/ir 


IJonisobaric  Charr.ber 

Parameters  of  the  working  medium  at  the  nozzle  inlet  in  the 
case  of  ncnlsobarl-?  conbustion  chamber  are  determined  with  the  aid  of 
known  quantities  f  ,  p-,,  T*  n  and  k.  According  to  the 

value  of  f^  ue  calculate  pas-dynamic  function  [Translators  Note: 

raoCupM  ■  isobarlc] 

7-. 

which  Is  then  use';  for  determination  of  x  and  numbers  M  at  the 

K  K 

nozzle  inlet,  an;  also  functions  «(>),  t(1),  e(A)  [3]. 
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Statistical  parameters  at  the  nozzle  Inlet  are  considered  by 

formulas 


p *  _  i  . 

px  (9.20) 


_ _ 


1 


r* 

*  K.no6ipR. 


1  +  — ~ 


(9.21) 


and  stagnation  parameters  p »,  T»,  p»  -  with  the  aid  of  gas-dynamic 

K  K  H 

functions  w(x),  t(x),  e(x)  at  assigned  value  of  n: 


P 

y,«. 
as  g 

of  e 

PH,(! 

! 

I 

of  g! 

Of  i! 


Quantity  p^/p-^,  which  is  usually  designated  Oj,,  is  the 
coefficient  of  pressure  reduction  in  a  cylindrical  combustion  chamber 
so  that 


(9.22) 


Expenditure  complex  6  and  specific  thrust  P  n  are  determined 

yfl’  •  given; 

by  formulas  (9.18)  and  (9.19).  In  case  of  prescribed  relative  * 

area  f  gas-dynamic  function  z(x  )  is  found  by  known  value  of  q(x  )  I 

c  c  c 

in  accordance  with  expression  (9.15).  If  pressure  at  nozzle  section 

p  is  prescribed,  then  the  value  of  z(X  )  is  determined  by  gas- 
c  c 

dynamic  tables  with  the  aid  of  function  n(x  ),  whicn  in  this  instance 

c 

looks  like  [Translators  Note:  c  *  section]: 
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«(*«)■= 


(9.23) 


P\0/ 


According  to  equations  (9.1o)  and  (9.19)  quantities  B  and 

P  when  f  =  const  do  not  depend  on  the  value  of  f  .  inasmuch' 
y,q.n  c  r  k  * 

as  gas-dynamic  relationships  do  not  allow  determining  the  chanp-e 
of  efficiency  of  gas  caused  by  dissociation,  R  T  *  dependir 

It  is  necessary  to  pause  on  the  characteristics  of  calculation 
of  gas-dynamic  functions  q(A),  n(A),  t(a)  and  others.  Utilization 
of  isentropic  in  form  (9*9)  leads  to  such  relationships: 


,  —  i 


i_ 

/I  —1 


'^rc-si'P 


n  +1 


(9.24) 


* 


i 

4 


The  connection  between  II  number  and  reduced  velocity  A  is 
gi^n  by  formula: 


M2  — 


2 

n  +  1 


*2 


n  +  I 


>2 


(9.25) 
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1 


with  fulfillment  of  calculations  with  the  aid  of  tab  Jos  of' 
gas-dynamic  functions,  the  efficiency  ratio  k  riven  in  tail  os  is 
taken  equal  to  n  ana  tabular  values  of  functions  q(x),  t(a),  tt  (  a  ) . 
Results  of  calculations  are  approximate. 

9 . 3 •  Extrapolation  and  Interpolation  of 
Thermodynamic  Characteristics 

Calculation  of  thermodynamic  characteristics  at  certain  values 
of  determining  parameters  and  even  over  a  wide  range  of  their  change 
still  does  not  completely  solve  the  problem  of  thermodynamic  designing 
of  a  rocket  engine.  The  point  is  that  in  the  process  of  engine 
designing  changes  in  the  values  of  determining  parameters  are 
practically  inevitable.  By  these  or  other  considerations  the  pressures 
in  the  combustion  chamber  and  at  the  nozzle  section,  relative  to 
nozzle  area  can  be  changed.  The  value  of  enthalpy  of  propellant 
can  be  changed  in  connection  with  change  of  its  temperature 
(preliminary  nonregenerative  preheating  or  cooling),  taking  into 
account  heat  losses  in  combustion  chamber  (nonregenerative  cooling, 
undercombustion).  Often  the  enthalpy  of  propellant  changes  in 
connection  with  refinement  of  earlier  used  values. 

In  the  process  of  engine  operation  conditions  can  be  created 
which  differ  from  nominal  when  real  values  of  initial  temperature 
and  enthalpy  of  propellant,  composition  of  propellant,  pressure 
In  combustion  chamber  and  at  the  nozzle  section  do  not  coincide  with 
those  accepted  in  thermodynamic  calculation. 

Change  of  some  of  the  initial  parameters  can  require  the 
fulfillment  of  new  thermodynamic  calculations.  Ultimately,  the 
labor  input  of  designing  Increases.  In  connection  with  this,  the 
method  of  rapid  and  accurate  extrapolation  or  interpolation  of  all 
basic  thermodynamic  characteristics  and  parameters  of  the  chamber 
with  changes  in  Initial  conditions  is  of  practical  interest.  In 
this  case  extrapolation  and  Interpolation  must  be  performed  by  a 
limited  quantity  of  data,  obtained  by  detailed  calculation  of 
'  reference'1  points. 
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uclow  is  riven  tne  ..ietiiou  of  extrapolation  ami  interpolation 
of  thenuodyna.nl  c  characteristics  [1],  L ^ ] •  In  the  nethod  are  used 
results  obtained  at  the  previous  stages  cf  thermodynamic  calculation. 

Fomulas  of  Extrapolation  and  Interpolation  • 

For  extrapolation  there  is  used  exnansion  of  the  function  in 
Taylor  series: 


/W-/«)+g(^)V.-«?)4 


If  the  second  derivatives  of  the  function  are  unknown,  the 
expression  is  used  without  quadratic  tern.  To  get  the  necessary 
accuracy  of  extrapolation  such  a  fon.i  of  functions  and  arguments 
should  be  specially  selected,  at  which  derivatives  in  the  interval 
of  extrapolation  are  close  to  constant. 

For  interpolation  there  are  applied  polynomials  of  type 

y  =  A  +  Bx + C  ;r» + Dx» + £x* + Fjfi. 

Coefficients  of  polynomial  are  found  from  Joint  solution  of 
equations,  including  values  of  the  function,  it3  first  and  second 
derivatives  at  two  points. 

If  only  the  first  derivatives  are  known,  then  interpolation  is 
perfomeu  by  polynomials  of  the  third  power.  However,  in  this 
variant  the  accuracy  of  internolation  is  Increased  as  comoared  to 
the  case  of  linear  interpolation,  when  at  two  points  only  the  values 
of  function,  and  not  its  uerivatives  are  known. 

’bus,  for  xtrapolation  and  interpolation  of  thermodynamic 
characteristics  their  partial  derivatives  must  be  known. 
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First  Partial  Derivatives  of 
Thermodynamic  Functions 

All  thermodynamic  properties  of  the  system  v;ith  known  initial 
composition  can  be  uniquely  expressed  through  any  two  thermodynamic 
functions,  for  example,  o  and  e.  If  the  initial  state  of  the  system 
was  determined  by  point  (<Iq,  6q),  then  for  determination  of  its  new 
state  at  finite  point  it  is  necessary  to  know  the  character  of 
passage  and  one  of  the  coordinates  of  finite  points,  for  example,  a. 
In  this  case  <*q,  and  a  are  independent  variables  of  the  process, 
and  0  and  all  other  thermodynamic  functions  are  dependent  variables. 

The  type  of  passage  is  often  characterized  by  constancy  of 
some  third  thermodynamic  function  In  this  instance  it  is  possible 
to  write: 

PHtfo  f). 

• 

where  +  -  any  dependent  thermodynamic  variable  at  finite  point  of 
the  process  of  passage.  Any  change  of  ty,  caused  by  change  in  the 
position  of  initial  point  (aQ,  0Q),  must  be  equated  to  change  or 

*0  *  i  •  ©  • » 


(9.26) 


Having  made  use  of  usual  relationship 


from  equality  (9.26)  we  obtain  expressions  for  partial  derivatives 
of  functions  at  finite  point  of  the  process  relative  to  initial 
coordinates : 


(9.?7) 


usua 
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(9.28) 


fb) 

/df_\  _  \daolt,  |  fdf  \  /<ta\ 
\dao'f,  /<ty  \  \da/+U“o/?. 

U  /« 


In  the  ri^ht  sides  of  expressions  (9*27)  and  (9.20)  enter 

usual  first  partial  derivatives,  which  can  be  determined  directly, 

and  also  derivatives  ( 9a/ 3 Bn )  and  (3a/3an).  ,  which  can  be 

u  <*o  u  f?0 

determined  for  some  concrete  relationships  a(ag,  Gq  ) . 

If  a  *  const,  equations  (9*27)  and  (9.28)  take  such  a  form: 

d±]  , 


c 


e-i 

m 

I, 


c 


(9.29) 


(9.30) 


If  a  =  const *a0,  we  obtain 

tm 

(&)  Js&L. 

wo/  ^  /w\  *  (9.31) 

*'  •  \df  /. 


'*L\  _Un^.  i  a  /df  \  (9-32) 

•da°  t  /{Lt\  °0  1^0  /♦ 

"  •  \df  U 


4 


Let  us  note  that  the  rifht  sides  of  equations  (9.29)  and  (9.31) 
are  identical. 

Let  us  apply  the  obtained  equations  to  description  of  processes 
in  the  chamber,  including  isentropic  expansion  in  the  nozzle  (s  =  const). 
Let  us  consider  the  values  at  toe  nozzle  inlet  initial  values.  In 
triis  case  lri  equations  ( 9.29)-(  9  •  32)  one  should  assume: 


* 
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a  —  P>  Qo  = 

?  —  f  t  Po  —  ?*• 


Prom  equations  (9-29)  and  (9-31)  v;e  obtain: 


'  dl,)p  p 


-(%-)  -J- 


ft). 


(9.33) 


Here  and  further  n  *  p  /p.  From  equation  (9*30)  follows: 

K 


/  df_ \  \dpJlK  _  _  I  dj\  . 

\dpji k,p  (±\  TK\ds)p‘  ( Q .  3 1} ) 

[df/p 


Finally,  from  equation  (9.32)  we  have 


T,  {  ds  )p~  px  \dp 


(9.35) 


With  the  aid  of  equations  (9-33)— (9-35)  one  can  determine  the 
partial  derivatives  of  various  functions,  the  most  interesting  of 
which  are  temperature,  enthalpy,  density,  molecular  weight.  Table 
9.1  contains  a  summary  of  the  first  partial  derivatives  of  these 
functions.  Table  7.1  is  used  during  derivation.  For  all  quantities, 
except  enthalpy,  frequently  having  negative  values,  the  logarithmic 
form  is  accepted. 


Relationships  listed  In  this  paragraph  pertain  to  isobaric 
combustion  chambers,  for  which  n  »  d  *. 

•  H  r  H 
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artial  derivatives  of  certain  thermodynairlo 


Obviously  the  condition  that  p  *  const  and  I  =  const  sinulta- 

K  H 

neously  is  equivalent  to  condition  s  =  s  =  const.  Therefore 

K 


(9.36) 


Furthermore,  since 


then 


'din  j  \  ^ /din y  \ 

,d1n«  /,  Uln/  ],' 


(9.37) 


Equality  (9.37)  is  presented  in  the  table  of  derivatives. 

Analysis  of  the  table  of  first  partial  derivatives  of  thermo¬ 
dynamic  functions  shows  that  for  calculation  of  derivatives  it 
is  sufficient  to  know  the  quantities  of  thermal  coefficients  ap,  pT 
and  relationship  of  equilibrium  thermal^  capacities  Ap.  These 
quantities  are  found  when  determining  thermodynamic  properties  of 
the  working  medium. 

First  Partial  Derivatives  of  Thermodynamic 
Characteristics 

Thermodynamic  characteristics  are  determined  by  formulas  of 
I  9.1.  The  first  partial  derivatives  of  these  characteristics  can 
be  obtained  analogously,  with  use  of  earlier  found  quantities. 
Summary  of  first  partial  derivatives  of  this  category  is  listed  in 
Table  9.2.  By  derivatives  of  specific  thrusts  derivatives  3P^/3x 
a re  easily  determined,  application  of  which  in  extrapolation 
formulas  gives  more  accurate  results. 
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Taule  'J.2.  First  partial  derivatives  of 
certain  thermodynamic  c'naracteristics  and 
parameters . 


Aoconding  to  enthalpy  of  propellant  pH,p^  const 


4 


In  the  previous  section  of  the  thermodynamic  characteristics 
and  parameters  of  the  chamber  were  considered  as  functions  of  enthalpy 
IK»  pressure  pH  and  degree  of  reduction  of  pressure  n : 


Pm,  It), 

including  relative  nozzle  area 


l-HUpm,*).  (9.33) 

By  excluding  *  from  these  relationships,  we  obtain 


(9.39) 


The  functional  form  of  the  last  type  is  useful  when  designing. 
Partial  derivatives  for  this  form  can  be  obtained  in  the  following 
manner.  Total  differentials  of  equations  (9.37)-(9.39)  have  the 
form: 


\dlnn 


d!n/,+ 


/!"/«+ 


( 9 .  h  0 ) 


(9.41) 


(9.42) 


By  excluding  d  In  f  from  expressions  ( 9 . 4l )  and  (9.42)  and 
comparing  the  coefficients  at  differentials  with  corresponding 
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.,e  obtain  the  foil  o’.'l nr  re]ation- 


coefficients  of  equation  (9-9 0), 
ships  (for  I  the  passage  of  nonlogarithmie  forr,  has  been  accomnl ishec! ) 


/din/  \ 

fd\n  \  \ 

/  d  In  X 

\  Win />«//„« 

(9 

WlnpJ 

Winn  , 

It  /dln/\ 

Id  Inn  )t 

Thus  the  group  of  partial  derivatives  of  this  type  can  be 
.obtained  from  the  previous. 

Thus,  for  extrapolation  and  interpolation  of  all  thermodynamic 
functions  and  char  ct',ristics  there  are  the  necessary  partial  deriva-* 
tives.  In  reference  to  characteristic  sections  of  the  charter 
extrapolation  formulas  for  any  quantity  $  have  the  following  form. 

Extrapolation  of  parameters  in  the  combustion  chamber: 


(9.^6) 


¥ 


Extrapolation  of  parameters  at  the  nozzle  section  (independent 

variables  IK,  PH>  Pc) : 


a 

Vi 


(9Jf8) 


Extrapolation  of  parameters  at  the  nozzle  section  (independent 

variables  Ih,  pk,  fc): 


i‘ 

P, 


(9.^9) 


If  some  of  the  determining  parameters  p  ,  I  ,  p  (or  f  ) 
remain  constant,  then  formulas  ( 9 . **6 )— ( 9 - ^9 )  are  simplified  accordingly , 
Por  example,  change  in  specific  thrust  P as  a  result  of  change  in 
initial  enthalpy  of  propellant  Al  at  constant  p  and  p  can  he 

K  C 

determined  so: 


Taking  into  account  formulas  of  Table  9.?  the  last  expression 
is  converted  into  known  formula 


(9.50) 


whtce  AP  ■  P  -  P°  :  P°  specific  thrust  at  initial  value  of 

ja  yA  yA’  yA  F 
enthalpy  of  propellant. 
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Tables  9.3  and  9.>\  contain  comparative  appraisal  of  the 
accuracy  of  extrapolation  of  7^ ,  i,  and  P  for  propellant  \\^  +  Dn 
with  a  =  0.9.  Parameters  of  reference  point:  I  =  -fll  ',cJ /'/<■' ; 
p  =  uO  bar;  p  =  0.1  bar1.  Iri  columns  :,exact'  there  are  listed 

K  C 

characteristics  according  to  data  of  thermodynamic  calculation, 
in  columns  ’extrap1'  these  cnar.acteristics  obtained  by  extrapolation 
from  a  reference  point.  As  can  be  seen,  the  accuracy  of  extrapolation 
is  entirely  acceptable  wLt.n  -i  small  change  in  determining  parameters 
p  ,  I  ,  o  . 


Table  9-3.  Comparative  appraisal  of  the 
accuracy  of  extrapolation  of  temporal  me  in 
the  combustion  chamber  and  complex  £. 


Pk  bar 

Quantity 

/T= — 81 1 

kJAg 

/, 

=0 

exact. 

•xtrap. 

|  axact. 

extrap. 

20 

3420 

3416 

3485 

3483 

80 

r,"K 

3609 

3609 

3688 

3680 

150 

3694 

3700 

3781 

3773 

250 

3761 

3778 

3855 

3851 

20 

223,2 

223.5 

227,1 

227,8 

80 

8  ktf.s/kg 

226.6 

226.6 

231.0 

231,1 

150 

227.8 

228,1 

232,2 

232,5 

250 

228,9 

229,3 

233.4 

233,8 

Table  9 .  ^  •  Comparative  appraisal  of  the 
accuracy  of  extrapolation  of  specific  thrust. 


Pm  b*r 

yT=-  -81 1  kJ/kg 

/r 

m0 

Pt  ~ 

1 .0  tar 

Pt  * 

0,01  bar 

Pt  = 

1,0  bar 

Pt  ~ 

0.01  bar 

•xact. 

•xtrap. 

exact. 

•xtrap. 

•xact. 

•xtrap. 

•xaot. 

•xtrap. 

20 

319,7 

321,8 

450,9 

450.6 

323,5 

327,3 

461,7 

461,4 

80 

377,5 

378,2 

472,3 

471 .5 

385,2 

386,2 

484.9 

484,5 

150 

398,2 

398,3 

479,7 

478,4 

407,0 

407,0 

492,9 

492.2 

250 

412,8 

412,7 

484,9 

482.7 

422,5 

422,4 

498,5 

497,4 

.718 


At  present  the  composition  and  properties  of  combustion  products, 
thermodynamic  characteristics  and  coefficients  of  extrapolation 
formulas  are  calculated  on  an  electronic  computer. 
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CHAPTER  X 

RELATIONSHIPS  OF  THERMODYNAMIC  CHARACTERISTICS 
TO  BASIC  FACTORS 

In  the  chapter  are  examined  relationships  of  thermodynamic 
characteristics  of  rocket  propellants  and  working  substances  to 
basic  factors,  which  determine  the  conditions  of  application  of  these 
propellants  and  substances  in  the  chamber  of  a  heat  rocket  engine. 

10.1.  General  Information 

Thermodynamic  characteristics  include  quantities,  characterizing 
the  composition  of  working  medium,  and  also  basic  thermodynamic 
parameters  of  processes  being  carried  out  in  the  chamber. 

Thermodynamic  characteristics  are  determined  by  means  of 
calculation,  by  methods  discussed  in  previous  chapters.  Calculation 
is  performed  with  some  general  assumptions,  without  allowing  for 
characteristics  of  a  particular  chamber  (such  as,  for  example, 
carburetion  system,  nozzle  circuit,  etc.).  In  this  case  the  thermo¬ 
dynamic  characteristics  depend  only  on  the  nature  of  propellant 
being  burned  or  the  substance  being  heated  and  on  furd--;.>.-.;ital 
conditions  of  the  processes  in  the  chamber.  These  determining 
conditions  are  r. cvr.< •  di.  t  •!'  ■’•’.mil  for  propellants  containing  a 

of  energy  and  source  of  wnakino  v_-iur.;,  and  for  substances 
for  in.  -  ;  during  heating  fro;:,  an  independent  -  urce 

of  energy. 
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Por  propellants  consisting  of  fuel  and  oxidizers,  the  thcrno- 
dynamic  characteristics  depend  on  the  ratio  of  these  components. 
Component  ratios  in  liquid  propellant  is  characterized  by  the  excess 
oxidant  ratio  a,  which  can  change  during  engine  operation.  The 
composition  of  solid  propellant  is  characterized  usually  by  weight 
fractions  of  components.  The  necessary  component  ratios  in  solid 
propellant  is  provided  during  its  manufacture  and  cannot  be  changed 
during  engine  operation.  An  idea  of  thermodynamic  characteristics 
depending  on  the  component  ratios  is  necessary  for  correct  selection 
of  propellant  and  for  analysis  of  engine  operation  with  variable  a. 

Other  indpendent  factor  for  chemical  propellants  is  pressure 
in  combustion  chamber  p  *.  With  selected  component  ratios  of 
propellant  pressure  p  *  uniquely  determines  the  equilibrium  composition 

K 

of  working  medium,  its  molecular  weight  and  temperature  in  the 
combustion  chamber. 

Composition  and  total  enthalpy  of  the  working  medium  at  the 
nozzle  exit  depend  on  pressure  and  temperature  in  the  exit  section. 
Under  fixed  conditions  at  the  nozzle  inlet  both  these  quantities 
are  determined  by  degree  of  pressure  reduction  in  the  nozzle 
*  ■  p  #/p„  (this  quantity  is  also  called  expansion  ratio)  or  by 

relative  nozzle  section  area  fc  and  also  by  the  character  of  the 
expansion  process. 

If  the  combustion  process  is  not  carried  out  in  an  isobaric 
combustion  chamber,  the  thermodynamic  characteristics  are  affected 
by  relative  area  of  combustion  chamber  f  . 

A  substance,  which  is  heated  from  an  independent  source  of 

energy,  has  a  fixed  initial  composition.  Temperature  of  working 

eellum,  obtained  from  the  given  substance,  depends  on  the  quantity 

of  heat  supplied  outside  and  on  pressure  in  the  heating  chamber. 

Degree  of  pressure  decrease  in  the  nozzle  *c  or  relative  nozzle  area 

f  .  and  also  the  character  of  expansion  process  determine  the 
c  * 

composition  and  parameter  of  the  working  medium  at  the  nozzle  exit. 
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Thus,  tuermouynamic  characteristics  of  substances,  which  are 
heated  from  an  independent  source,  do  not  depend  on  the  corrmoriont 
ratios,  but  there  appears  a  specific  relationship  to  total  enthalpy 
or  neat  inf,  temperatures . 

A  change  in  such  thermodynamic  characteristics  as  temperature, 
molecular  weight  (or  specific  gas  constant  being  uniquely  determined 
by  them),  pressure  (if  relative  area  is  assigned)  is  advisable  to 
know  at  all  points  of  the  chamber  passage.  The  most  Important 
thermodynamic  characteristics  -  complex  B  and  specific  thrust 
P  are  generalized  quantities.  Most  frequently  their  equilibrium 

j 

values  are  used,  for  specific  thrust  -  values  in  a  void. 

The  totality  of  thermodynamic  characteristics  over  a  wide 
range  of  changes  in  determining  factors  is  che  family  of  thermo¬ 
dynamic  characteristics  of  the  given  chemical  propellant  or  v/orking 
medium.  Together  with  thermodynamic  and  thermophysical  properties 
of  working  medium  the  thermodynamic  characteristics  are  usually 
represented  in  tabular  form  (see  Table  $.1). 

Below  are  given  primarily  graphic  relationships,  clearly 
illustrating  the  effect  of  basic  factors. 

10.2.  Relationships  to  Component  Patios  of  Propellant 

for  liquid  rocket  propellants  the  determining  parameter  is  the 
excess  oxidant  ratio  a. 


The  relationship  of  equilibrium  composition  of  combustion 
products  to  a  has  a  complex  character,  specific  for  definite  classes 
of  propellants.  As  examples  there  are:  on  Fig.  10.1  the  equilibrium 
composition  in  molar  fractions  (for  hard  carbon  -  weight  fraction) 
of  combustion  products  of  kerosene  +  type  propellant  on  Fig. 

10.2  -  propellant  i!.,^  +  F„;(.  Charts  also  show  the  corresponding 
values  of  temperature  and  average  molecular  weight  w  .  Figure  10.2 
shows  tne  effect  of  oressure  in  the  comb  as  t  ion  charier. 
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FI".  10.2.  Equilibrium 
cc  .'position  of  ronbustion 
products  at  diff.M  <  i«t 
propellant  ll2w  +  F2h(; 

Pk  ■  20  bar  (dotted  line); 

p  =  200  bar  (solid  lines) 
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On  Pigs.  10.3  and  10.  4  in  the  function  of  a  there  is  shown 
a  change  of  tm  .oerature  and  riolecular  weight  of  con!; us t ion  products 
of  two  mentioned  propellants  at  different  pressures,  As  can  be 
seen,  the  funoamental  character  of  change  of  these  parameters  is 
identical  in  both  cases.  Temperature  of  equilibrium  gas  mixture 
in  the  combustion  chamber  Th  chances  with  respect  to  a  with  maximum. 

In  the  absence  of  dissociation  tills  maximum  must  correspond  to 
stoichiometric  propellant  composition,  i.e.,  a  =  1.  As  a  result  of 
dissociation  this  is  not  observed.  As  can  be  seen  on  Pips.  10.3 
and  10.  4,  maximum  T  for  kerosene  +  0n  propellant  lies  in  the  range 
a  <  1,  and  for  propellant  -  when  a  >  1.  During  comparison 

with  charts  10.1  and  10.2  it  can  be  detected  that  the  maximum 
of  temperature  moves  from  a  =  1  into  the  region  of  raised  content 
in  the  working  medium  of  molecules,  the  most  resistant  to  dissociation. 
In  the  combustion  products  of  kerosene  +  0^  propellant  such  molecules 
are  molecules  of  carbon  monoxide  CO,  in  combustion  products  of 
propellant  Hg  +  ^2  -  rn°lecul<iS  Content  of  the  latter  with 

allowance  for  dissociation  is  maximal  in  the  region  a  >  1,  and 
content  of  CO  -  in  region  a  <  1.  The  exact  position  of  maximum 

is  determined  for  different  fuels  only  by  thermodynamic  calculation. 

It  is  natural  that  it  depends  on  the  pressure,  indicating  the 
intensity  of  uissociation. 


Relationship  of 
to  a:  kerosene  + 
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0,6 


0,8 


For  molecular  weight  In  the  combustion  chamber  v  a  considerable 

K 

decrease  with  a  decrease  of  a,  i.e.,  with  increase  of  light  products 
of  incomplete  combustion  in  the  working  medium  is  characteristic. 

Figure  10.5  contains  characteristic  relationships  of  complex 

8  and  specific  thrust  PyA-n  to  a  in  case  of  equilibrium  (solid 

lines)  and  frozen  (dotted  line)  expansion.  As  can  be  seen,  3 

and  PyA.n  are  chan8ed  with  respect  to  a  with  maximum.  Coefficients 

o,  corresponding  to  maximum  values  of  6  and  P  with  frozen 

y  A  •  n 

expansion  are  less  than  with  equilibrium. 


Fig.  10.5.  Relationship  of 
complex  3  and  specific  thrust 
in  a  void  to  a  with  equilibrium 
and  frozen  expansion:  kerosene  + 
+  02w  type  propellant;  r>H  =  100 

bar,  pc  =  1  bar. 
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...rre  t  -  !•:  3 s  oor'ini -f'r--'.' j e  ilsolacement  of  maxima  of  3  and 

>  into  i”:  ’  on  t  <  I  in  m.uructeristie  for  all  oronellants ,  in 

y;;.n 

which  the  vei  -.it  stoichiometric  coefficient  of  component  ration  is 
more  than  one  >  1). 

Indices  or’  uquil  Ibrium  expansion  are  higher  than  frozen.  This 
is  explained  'ey  the  fact  that  in  case  of  equilibrium  expansion 
nart  of  the  molecules  of  .col  liberated  during  recombination  is 
converted  into  kinetic  >  norgy  and,  consequently,  increases  the 
outflow  velocity  and  specific  thrust. 

It  is  interesting  that  specific  thrust  with  equilibrium  expansion 
is  greater  than  specific  thrust  with  frozen  expansion,  whereas  the 
temperature  difference  is  greater  in  the  process  of  frozen  expansion, 
hoe  point  is  that  specific  thrust  is  determined  not  by  the  difference 
or  temperature s ,  but  by  the  difference  of  total  enthalpies  in  the 
process  of  expansion. 

As  can  be  seen  on  Tip.  13.6,  despite  the  fact  that  the  difference 
of  temperatures  is  greater  with  frozen  expansion,  the  difference  of 
total  enthalpies  is  greater  with  equilibrium.  This  is  explained 
by  the  substantial  difference  of  thermal  capacities  of  working 
medium  with  equilibrium  and  frozen  expansion  (cpp>cps),  which  was 
shown  in  Chapter  VII.  [Translator's  dote:  p  =  equilibrium; 

3  =  frozen.] 


Pi,;.  10.6.  For  comparison  of 
specific  thrust  at  equilibrium 
(solid  lines)  and  frozen  (dotted 
line)  expansion  (conditions  are 
the  came  as  on  Pirn  10.5). 
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The  difference  between  quantities  of  equilibriur.  and  frozen 
specific  thrust  depends  mainly  on  nature  of  propellent,  ^or 
propellants  with  high  combustion  temperature  it  can  reach  5-10C. 

« 

Figures  10.7  and  10.8  show  the  chance  of  equilibrium  specific 
thrust  in  a  void  with  respect  a  for  two  propellants  at  different 
values  of  pressure  in  the  combustion  chamber  p  *  and  degree  of 
pressure  decrease  in  the  nozzle  it  (p-  *  1  bar  *  const).  Character- 

V  V 

istlc  for  these  and  other  propellants  with  increase  of  p  is  the 

H 

approximation  of  values  of  a,  corresponding  to  maxima  of  temperature 
and  specific  thrust,  to  one.  Theoretically  when  ph*  =  »  dissociation 
is  completely  suppressed  and  maximum  values  of  n  are  reached 

when  a  *  1. 


Fig.  10.7.  relationship  of  P  n 
to  a  at  different  values  of  p 

K 

and  it  (p  =  1  bar  ■  const): 
c  c* 

kerosene  +  02w  type  propellant; 
equilibrium  expansion. 
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and  it  (p  *  0.5  bar  =  const): 
fuel  H2w  +  ^2w’  eclumkrium 
expansion. 
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L'jt-dash  lines  on  the  charts  arc  lines  of  maximum  values  of 
specific  thrust.  Values  of  a,  corresponding  to  maximum  values  of 
P  n  can  be  called  thermodynamically  optimum.  Maxima  of  relation¬ 
ship  P  =  f ( a)  are  often  rather  mildly  sloping. 

yn*n 

Relationships  of  thermodynamic  characteristics  of  solid  rocket 
propellants  to  the  composition  (usually  to  weight  fractions  of 
oxidizers  in  the  propellant)  in  principle  are  the  same  as  for 
propellants  of  liquid-propellant  rocket  engines. 

e 

on  10.3.  Relationships  to  Pressure  in  the 

Combustion  Chamber 


Relationships  of  temperature  and  molecular  weight  of  products 
in  the  combustion  chamber  to  pressure  p  *  can  be  seen  on  Figs. 

10.3  and  10.  *1.  On  Fig.  10.9  these  relationships  are  shown  in 
evident  form.  Their  character  is  uniquely  explained  by  attenuation 
of  dissociation  with  increase  of  p  *. 

K 


10  SO  <00  W  0  iso 

P%  bar 


Fig.  10.9..  Relationship  of 
to  p  :  propellant: 
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Figure  10.10  contains  relationships  of  equilibrium  values  of 
0  and  specific  thrust  in  a  void  to  pressure  p  s.  Quantity  P 

1  k  ygj.n 

is  determined  with  constant  degree  of  pressure  decrease  in  the 
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nozzles  tt  (different  values  of  d  *  In  this  instance  corresnrru  to 
c  K 

different  nozzles). 

P<tUI  _ 

Fig.  10.10.  Pelntionshio  or' 
complex  6,  specific  thrust  in  a 
void  and  specific  throat  area  to 
p  (propellants  are  the  same  as 

K 

on  Fig.  1C.  9):  - r  /p  =  2C0 ; 

-  n  /n  =  2000.  K  c 

‘  K  ‘  C 


'00  HU  iso 

Dm  bar 

As  can  be  seen,  the  effect  of  p  *  on  complex  6  is  rather  weak. 

K 

It  i3  ^different  for  different  fuels,  somewh>at  increasing  during 
considerable  dissociation.  Usually  the  change  of  complex  e  in 
characteristic  range  p  *  does  not  exceed  l-2£,  in  connection  with 

K 

the  fact  that  in  preliminary  calculations  this  quantity  for  the 
given  fuel  (a  *  const)  is  frequently,  assumed  constant. 

Constancy  of  B  explains  the  decrease  in  the  quantity  F  , 

y/T.np 

characterizing  the  handling  capacity  of  the  nozzle.  \cccrding  to 
formula  (9.7) 


Decrease  of  F  .  i.e..  Increase  in  handling  capacity  of 

yh.«P 

the  nozzle  with  increase  of  p  *,  is  physically  explained  by  increase 

K 

of  the  density  of  gas  at  tiie  nozzle  inlet. 

The  effect  of  pk*  on  specific  thrust,  is  considerable,  especially 
in  the  case  of  highly  dissociated  combustion  or  heattnr  products. 


This  effect  is  leas  perceptible  with  large  degrees  of  pressure 

decrease  i:i  the  nozzle  n  . 

c 

The  character  of  relationships  S  and  n  top^*ls  also 
explained  oy  the  change  in  intensity  of  dissociation  and  recombination 
accompanying  it  at  various  pressure  levels. 

Of  interest  is  evaluation  of  the  effect  of  ph*  on  specific 
thrust  in  a  void  for  a  c.. amber  with  fixed  nozzle  ( f =  const). 
Characteristic  data  are  lister.  In  Table  10.1,  where  results  of 
calculation  for  the  following  example  are  shown:  kerosene  +  02w 
type  propellant ;  a  =  0.8;  fc  =  25. 


Table  10.1.  Indices  of  equilibrium  expansion 
in  a  chamber  with  fc  =  const  at  different 
pressures  p*. 


Pi  bar 

30 

70 

150 

300 

Pc  tar 

0,1468 

0,3315 

0,6900 

1.346 

204,4 

211,2 

217,4 

222.9 

n 

1,128 

1,136 

1,143 

1,149 

f’yi.n  ktf.Ag 

345,9 

348,1 

349,8 

351,2 

P  kgf.sAg 

179,9 

181.8 

183.3 

184,7 

As  can  be  seen,  with  increase  of  pressure  p^*  the  specific 
thrust  in  a  void  grows  noticeably.  This  is  exnlained  by  change 
in  the  properties  of  working  medium  as  a  result  of  change  in 
intensity  of  dissociation,  by  growth  of  pressure  difference 
vc  =  P * c  and»  in  t,ie  final  analysis,  by  increase  of  drop  of 
total  enthalpy  in  the  nozzle. 

10.4.  Relationship  to  Degree  of  Pressure  Decrease 
in  the  h'ozzle  or  to  Relative  hozzle 
Section  Area 


This  relationship  is  conveniently  analyzed  with  fixed  pressure 
at  the  nozzle  inlet.  For  the  given  working  medium  the  degree  of 
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pressure  decrease  in  the  nozzle  it  and  relative  nozzle  section  area 
f  are  connected  together  uniquely  (Pig.  10.11),  therefore  it  is 
sufficient  to  examine  one  of  the  forms  of  relationship.  The 
relationship  to  f  is  more  graphic. 

V 


Fig.  10.11.  Relationship 

between  it  and  f  for  various 
c  c 

propellants  (pk*  =  100  bar): 

1  “H2  +  F2(a  =  0.6);  2  — 

H2  +  Op(a  =  0.6)  ;  3  — 

kerosene  +  O^Ca  *  0.3). 


Figure  10.12  shows  a  change  in  basic  parameters  of  working 

medium  depending  on  f  with  equilibrium  and  frozen  expansion. 

c 

Specifically,  practically  the  same  curve  p  *  f(f  )  is  noteworthy. 

c  ^ 

Figure  10.13  shows  the  relationship  of  thrust  coefficient 
Kp  to  fc  during  operation  of  nozzles  under  various  conditions 
(PM*/Ph  "  v*r).  There  is  separated  the  curve  of  optimum  nozzles 
under  these  conditions  (pc  ■  p^),  and  also  the  boundary  of  flow 
Separations  inside  the  nozzle  under  conditions  of  deep  overexpansion. 
Inasmuch  as  for  the  given  working  medium  the  quantity  of  complex 
0  can  be  considered  constant,  the  relationship  of  Kp  to  fc  are 
equivalent  to  relationships  P  ■  *  f(fc). 
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Fig.  1 
nozzle 
kerosc 
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10.5*  Relationship  to  relative  Combustion  Chamber  Aren. 

As  is. known,  the  supply  of  heat  to  gas  in  a  cylindrical  nine 
leads  to  acceleration  of  flow,  accompanied  by  a  drop  not  only  of 
static,  but  also  total  pressure.  Figure  10.14  shows  in  relative 
quantities  the  change  of  pressures  and  velocity  at  different 
quantities  of  f  ” . 


1  2  J  ♦  5  s  fK 


Fig.  10.14.  Change  in  flow  para¬ 
meters  depending  on  the  relative 
combustion  chamber  area:  propel¬ 
lant  kerosene  +  (^^(ei  = 


The  temperature  of  flow,  statistical  and  total  simultaneously 
change.  Change  of  the  latter  in  the  isenthalpy  process  is  explained 
by  change  in  the  composition  of  gas  arid  its  thermal  capacity. 

Figure  10.15  shows  the  change  in  relative  quantities 


T.= 


T « 


uoeipii. 


and 


t: 


(Kl 


ritotap*. 


There  we  listed  relationship  -  * - =  *(/«)•  caused  hv 

(Plt/ltBOfepH. 

change  in  intensity  of  dissociation  with  change  of  p  and  T. 


f,a 
1,00 
0,98 
0,96 
0,99 
0,91 
0,90 

1  7  7  4  5  6  /* 


Fi;-.  1  j  .  i  -  .  Relationship  of 

relative  ouantities  T  *,  7  ,  p 

h  ’  K  K 

to  f  (oronellant  is  the  sane  as 

H 

on  Fig.  10.14). 


Decrease  of  f  signifies  lowering  of  total  pressure  at  the 
nozzle  inlet  p  *.  In  the  limit,  when  f  *  1,  it  is  lowered  approxi- 

K  K 

mately  to  quantity  0.8p^.  Change  in  intensity  of  dissociation  in 
this  pressure  range  does  not  practically  affect  the  quantity  of 
complex  6,  which  therefore  can  be  considered  independent  of  f  . 

H 

Lowering  of  p  *  leads  to  decrease  in  the  handling  capability 

K 

of  the  nozzle  throat,  i.e.,  to  increase  in  its  specific  area: 


Concerning  the  effect  of  f  on  specific  thrust,  it  can  be 

K 

evaluated  in  two  cases. 

1.  If  one  compares  chambers  with  lsobaric  and  nonisobaric 
heat  supply  when  =  const  and  p^/pc  =  const,  then  the  advantage 
of  the  isobaric  chamber  Is  revealed.  This  is  explained  in  the 
following  manner.  General  drop  of  pressure  can  be  written  as  the 
product  of 


Pi  _  Pi  P*. 
—  •  * 
Pc  P«  Pc 
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in  which  the  first  factor  is  the  pressure  drop,  utilized  in  a 
cylindrical  combustion  chamber  (heat  nozzle),  the  second  -  in 
geometric  nozzle.  It  is  known  that  the  effectiveness  of  the  geometric 
nozzle  is  higher  than  heat.  Therefore,  with  decrease  of  f  ,  i.e., 
with  increase  of  p-,/p  *,  the  specific  thrust  will  diminish.  On 

1.  K 

Fig.  10.16  this  position  is  illustrated  quantitatively.  Quantity 


Pwn  _  is  ratio 
yfl.  n 


Pyi.n 


p  =- 

ji.n  (Pyt.n)meltpt. 


As  can  be  seen,  relationship  F  n  =  f ( f H )  is  more  substantial 
at  small  pressure  drops  Pj/Pc« 


Fig.  10.16.  Relationship  ofr 

relative  quantity  of  P  „  to 

yfl  • n 

f  (propellant  is  the  same  as  on 
Fig.  10.14). 


2.  For  all  practical  purposes  it  is  more  important  to  compare 

the  specific  thrust  of  chambers  with  isobaric  and  nonisobaric  heat 

'release  at  condition  p^  *  const  and  fQ  «=  const.  In  this  instance 

the  effect  of  f  on  P  .will  be  indicated  only  by  change  in  oressure 
h  yfl .  n 

p  *.  In  the  extreme  case,  f  =  1,  change  of  p  *  does  not  exceed 

H  K  K 

approximately  20*.  As  follows  from  data  of  Table  10.1,  corresponding 
change  in  specific  thrust  in  a  void  in  this  case  will  not  exceed 
tenths  of  a  percent. 

On  the  basis  of  the  typical  relationships  given  on  Figs.  10.14- 
10.16,  it  may  be  concluded  that  the  change  of  separate  thermodynamic 
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characteristics  in  function  f  can  be  disregarded ,  beginning  from 
certain  values  of  f  .  Usually  the  combustion  chamber  is  considered 
isobaric  if  quantity  f  is  not  less  than  5-6. 

K 

10.6  Relationship  to  Temperature  Oi  Enthalpy 
with  Independent  Heating 

Let  us  examine  the  relationship  of  the  most  important  thermo¬ 
dynamic  characteristic  -  specific  thrust  with  fixed  degree  of  pressure 

decrease  in  the  nozzle  it  . 

c 

V.'ith  increase  in  the  temperature  of  undissociated  working  medium 
the  specific  thrust  increases  approximately  in  proprotion  to  the 
square  root  of  temperature.  Increase  in  the  equilibrium  specific 
thrust  in  case  of  reacting  working  medium  at  the  same  temperatures 
is  more  considerable.  As  the  temperature  increases  the  difference 
in  specific  thrusts  is  increased. 

This  is  explained  by  decrease  of  molecular  weight  during 
dissociation  and,  consequently,  by  increase  in  the  gas  constant. 

From  this  it  does  not  follow,  however,  that  dissociation  is 
energetically  advantageous.  The  point  is  that  heating  of  working 
medium,  being  accompanied  by  dissociation,  and  its  heating  to 
the  same  temperature  without  dissociation  require  substantially 
different  quantities  of  heat.  In  the  first  case  the  necessary 
heat  supply  is  considerably  more.  Dissociation,  however,  is 
useful  in  the  fact  that  it  allows  the  working  medium  to  accumulate 
a  greater  quantity  of  energy  at  a  lower  temperature  than  without 
ui ssociation .  Recombination,  proceeding  with  equilibrium  expansion 
of  the  working  medium  in  the  nozzle,  partially  returns  the  heat 
spent  on  dissociation  to  the  working  medium.  This  heat  is  then 
converted  into  kinetic  energy  of  the  exhaust,  stream,  .however,  if 
expansion  of  the  workin *  medium  is  frozen,  then  such  return  of 
heat  is  absent. 
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oince  the  intensity  of  dissociation  increases  with  reduction 
of  pressure,  at  low  pressures  in  the  preheating  chamber  accur.'u J ating 
power  of  the  working  medium  at  the  same  temperature  is  increased. 

The  result  can  be  increased  in  the  specific  thrust  when  p  */p  =  const 

•  —  K  C 

or  f  *  const, 
c 

On  Pig.  10.17  according  to  [2]  there  are  listed  values  of 
equilibrium  specific  thrust  at  various  pressures  and  temperatures 
in  the  heating  chamber  for  two  substances  -  hydrogen  (solid  lines) 
and  helium  (dotted  line).  Monatomic  helium  does  not  dissociate  and 
for  all  practical  purposes  does  not  undergo  ionization  in  the  given 
temperature  range.  In  connection  with  this,  the  specific  thrust  of 
helium  at  constant  p  */p  does  not  depend  on  pressure  in  the  heating 

K  C 

chamber,  but  is  determined  only  by  the  heating  temperature.  The 
picture  is  different  for  hydrogen.  At  low  temperatures  (for  example, 
2000°K)  the  reduction  of  pressure  at  constant  p  */p  leads  to 
increase  in  specific  thrust.  If  the  temperature  is  higher,  the 
maximum  of  specific  thrust  is  reached  at  pressures  corresponding 
to  practically  total  dissociation  of  the  working  medium.  At  a 
temperature  of  4000° K  this  pressure  is  about  0.1  bar.  When  the 
temperature  13  even  higher,  maxima  of  Pyfl  are  reached  at  pressures 
in  the  heating  chamber  greater  than  p  *  ■  10  her. 

K 


Pig.  10.17.  Relationship  of 
specific  thrust  to  pressure 
and  heating  temperature: 
p  /p  =  100  =  const;  equili- 

K  C 

brium  expansion. 
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1. 


At  1  ovf  pressures  and  hi  ;.h  temperatures  the  tendency  of  specifl 
tnrust  to  nnctfi'T,  higher  maximum,  caused  by  thermal  ionisation  of 
the  wording  : odium  is  clearxy  evident.  Ionization,  as  dissociation 
leads  to  increase  the  capability  of  work inn  medium  to  accumulate, 
oner;:;/  fro::;  an  independent  source.  In  connection  with  this,  in 
rocket  canines  using  energy  of  nuclear  reactions,  we  sometimes 
propose  the  application  of  lew  pressures  in  the  heating  chamber  and 
easily  dissociating  (ionizing)  working  media.  However,  the  benefit 
of  utilization  of  low  pressures  can  be  completely  realized  only 
under  the  condition  of  equilibrium  of  the  expansion  process  in  the 
nozzle,  which  is  not  always  guaranteed. 

Various  quantities  of  supplied  energy  correspond  to  values 
of  specific  thrust  for  hydrogen,  obtained  at  the  same  temperature 
and  different  pressures  p  #.  It  is  interesting  to  compare  the 

K 

specific  thrusts  at  various  pressures  in  the  heating  chamber 
( ir  *  const),  but  Identical  quantities  of  supplied  energy.  Results 
of  such  calculations  arc  listed  on  Fig.  10.18.  As  was  to  be 
expected,  in  ca  ‘  f  f  identical  total  enthalpy  of  1  kg  of  working 
medium  large  specific  thrust  is  attained  at  high  pressures  in 
the  heating  chamber,  since  heat  In  this  case  is  used  energetically 
more  suitably. 


0,001 0,01  0,1  I  10  pK  bar 


Fig.  10.18.  Relationship 
of  specific  thrust  to 
pressure  and  total  enthalpy 
of  heating:  working  medium  - 
-‘2>  P,/Pc  =  100  =  const, 

equilibrium  expansion. 


In  rocket  engines  with  heating  of  t lie  working  substance  from 
an  inuepenui.nt  source  of  energy  tiie  limiting  factor  will  obviously 
be  the  heating  to:  .Denature  on  which  the  rate  of  heat  exchange 
to  wells  n'  t.r.o  eha.foer  depends.  There  fore,  comparison  of  the 


e  !'  fee  t  1  ]•".  *  s, 


varl-nis  work  in--  substances  at  identical  heat  in" 
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SECOND  SECTION 


Thermogas-Dynamics  of  Real  Flows  and  Heat  Exchange 
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CHAPTER  XI 


no« 


PROPERTIES  OF  REAL  PROCESSES 

•In  the  chapter  is  eiM.mired  the  effect  of  s one  deviations  from 
Idealized  schemes  of  caluul  ation  for  thermodynamic  properties  and 
characteristics  of  combustion  products,  including  specific  thrust. 
The  effect  of  heterogeneity  of  parameters  and  incompleteness  of 
combustion,  nonideality  of  working  medium,  and  also  nonadiabaticity 
and  chemical  nonequilibrium  of  processes  is  analyzed. 

11*1»  Basic  Distinctions  from  Theoretical  Schemes 

In  Chapter  VIII  the  methods  of  calculation  of  basic  processes 
In  the  engine  chamber  have  been  examined.  The  totality  of  accepted 
assumptions  permitted  determining  the  theoretical  thermodynamic 
characteristics  of  propellant. 

Actual  processes  in  engines  proceed  with  noticeable  deviation 
from  idealized  schemes  of  calculation,  differ  from  calculation  and 
properties  of  combustion  products.  These  differences  basically 
will  be  reduced  to  the  following. 

Limited  information  about  the  qualitative  composition  of 
combustion  products,  p-v-T  and  other  properties  of  individual 
components  at  high  temperatures,  mechanism  and  speeds  of  chemical 
reactions  hampers  the  obtaining  of  reliable  data  on  nronerties  of 
the  working  medium.  Assumptions  about  the  ideality  (in  the  sense 
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of  equation  of  state)  of  components,  energy  and  chemical  equilibrium 
of  the  mixture  are  valid  only  in  limiting  cases  (p  =  0;  infinite 
time  of  stay).  Therefore,  known  nonooincidence  of  calculated  and 
actual  properties  of  the  working  properties  can  be  expected. 

Motion  of  combustion  products  in  the  chamber  generally  is  not 
described  by  equations  of  one-dimensional  equilibrium  isentropic 
flow.  Real  flow  is  not  ore-ulir.ensional  and  can  be  accompanied  by 
nonequil Ibrium  phenomena,  for  example ,  energy  and  chemical  nor.equili- 
uriurr.  phenomena,  for  example,  energy  and  chemical  nonequilibrium. 

In  two-phase  flow  high-speed  and  temperature  nonadiabaticit.y  have 
substantial  value.  As  any  real  substance,  combustion  products 
possess  viscosity,  thermal  conductivity,  emissivity.  They  return 
part  of  the  heat  to  the  chamber  walls. 

As  can  be  seen,  even  with  ideal  organization  of  processes  in 
the  engine,  one  should  expect  some  nonconformity  of  calculated  and 
real  thermodynamic  characteristics.  Real  organization  of  processes 
can  only  increase  this  nonconformity.  Incompleteness  of  combustion, 
heterogeneity  of  flow  parameters  on  the  cross  section  of  the  chamber, 
nonadiaoaticity  of  flow  -  all  this  can  introduce  noticeable  corrections 
into  theoretical  values  of  characteristics. 

Some  of  the  properties  enumerated  above  are  examined  in  this 
chapter,  others  -  in  the  following  chapters  of  the  section. 

11.2.  ionaalabatlclty  of  Processes 

In  real  conditions  the  processes  in  the  combustion  chamber 
and  nozzle  of  the  engine  arc  always  accompanied  by  heat  exchange 
with  the  surrounding  medium.  Two  basic  cases  are  possible. 

1.  heat  in  carried  off  through  the  chamber  walls  into  the 
surrounding  media..;  forever.  Such,  for  example,  is  Independent 
coollr;  •  bv  special  liquid,  which  is  not  returned  to  the  chamber  and 
takes  away  removed  heat  with  it.  Such  removal  of  heat  is  observed 

in  chambers  ooolel  by  radiation. 


2.  Heat  carried  off  into  cooling  liquid  is  returnee!  torether 
with  it  to  the  chamber.  This  takes  place  with  regenerative  cooling 
of  chamber  walls  by  propellant  components. 

The  qualitative  effect  of  adiabaticity  of  specific  thrust  is 
evident.  Irreversible  heat  removal  from  the  working  medium  doubtlessly 
reduces  specific  thrust  in  comparison  with  its  theoretical  quantity 
during  adiabatic  processes.  Regenerative  cooling  of  chamber  walls, 
on  the  contrary,  can  increase  the  value  of  specific  thrust  of  the 
chamber  in  comparison  with  theoretical,  if  in  this  case  we  do  not 
consider  the  expenditures  of  energy  for  forcing  the  liquid  through 
the  cooling  passage.  The  benefit  from  regeneration  of  heat  appears 
with  heat  Q  is  removed  from  the  working  medium  at  lower  pressure 
than  the  pressure  at  which  it  returns  to  the  chamber.  Thus, 
regeneration  of  heat  on  the  section  of  the  combustion  chamber  with 
constant  pressure  does  not  lead  to  increase  of  P  in  comoarison 
with  the  theoretical  value  of  t,  and  regeneration  on  the  nozzle 

|  station  should  bring  some  benefit.  The  greater  the  latter,  the 

* 

more  heat  that  is  removed  at  low  pressures,  i.e.,  closer  to  the 

‘nossls  exit. 

]  ••  •  _ 

Let  us  approximately  estimate  the  e5fect  of  nonadiabaticity  on 
specific  thrust.  Pressures  in  the  combustion  chamber  and  rozzle 

seotlon  are  assigned  and  constant.  ^ 

\ 

Effect  of  Nonadiabaticity  with  Independent  Cooling 

Heat  Q  carried  away  from  the  chamber  is  the  sum  of  two  components : 
heat  Q  ,  carried  away  on  the  section  of  the  combustion  chamber, 
and  heat  Qc,  carried  away  on  the  nozzle  section. 

The  effect  of  heat  removal  in  the  combustion  chamber  can  be 
evaluated  by  extrapolation  formulas  (see  Chapter  I").  Assuming  in 
expression  (9.50)  Al  =  -Q  ,  we  obtain  [Translator's  Note:  kc  = 

*  combustion  chamber;  c  *  nozzle]: 
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(11.1) 


3  0 

where  aP  =  P  -  P  ;  P  is  specific  thrust  under  conditions  of 

y  a  y  a  yA*  yfl 

nonadlabaticity . 


As  can  be  seen,  all  things  being  equal,  losses  of  specific 
thrust  are  proportional  t>.  the  quantity  of  removed  heat  Q  . 


Let  us  determine  losses  of  specific  thrust  as  a  result  of 
nonadlabaticity  of  the  expansion  process.  Let  us  formulate  change 
in  total  enthalpy  in  the  process  of  expansion  with  heat  removal 


(/«  +<>/«)— Q# 
or 

-  (/„— /e)  —  61 c— Qe.  (H.2) 


In  expression  (11.2)  I  and  I  -  values  of  total  enthalpy  of  the 

K  v 

working  medium  in  corresponding  sections  of  the  chamber  during 
adiabatic  process  of  expansion;  51  -  change  in  total  enthalpy  at 

V 

the  nozzle  exit  caused  by  heat  removal  Q  . 

c 

With  p  *  const  quantity  61  can  be  written 
c  c 

fl/e-rcfts,  (11.5) 


■where  63  -  change  in  entropy,  connected  with  nonadlabaticity 
of  the  process.  This  quantity  is  equal  to 


Is  —  — 


(11. *0 


(minus  sign  corresponds  to  heat  removal  from  the  working  medium). 
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i-'or  detui-mi  ;.nt  iuu  of  .<;/  formula  ill.1*)  it  1:’.  noooiiH-irv  i.< 

know  the  law  of  heat  removal  betwoen  tuinperatu?aea  T  *  and  , 

H 

generally  aponkinfc,  different  for  different  chambers.  Express  1  ori 
approximately  (ll.il)  can  be  written  ho: 


where  f  -  mean  temperature  on  the  nozzle  section  of  heat  removal. 

In  the  first  approximation  quantity  T  can  be  taken  equal  to 
temperature  In  the  nozzle  throat  TKp.  Then 

JBt. 

r* 

Since  according  to  approximate  gas-dynamic  relationships 


then 


\ 


u, —  ft*1 

2  TZ 


Now  expressions  (11.3)  and,  accordingly,  (11.2)  take  the  form 


I/. 


n  4*  *  Tc  4 
2  r!  Vc’ 


jj-)- 


OI.5) 


Let  us  compose  relative  change  in  specific  thrur.t  as  a  resuit 
of  nonadiabaticity  of  the  expansion  process 


2H  5 


'■!'<•  .1  * 
iv. i  .u:sl<  ii . 


[ 

I  * 


IM  ♦* 


total  iM'.tnn  Ip;;  1'urMrir  a  : !  nbnt I  c 


By  a;;  In  .  <?  .[  reunion  (  1 1 .  >j  )  ,  lot  u  n  write: 


\/ ' -JFFTO 


If  <<  Al,  then  a  .‘cording  to  rule3  of  approximate  calculations 

£l’  ~  i  _  Qc  / 1  n  + 1  r< 
z5?,  ~  (  1  2  rf 


or 


tpy*  J_  0t  /  n  +  i  rf  \ 

^57"  2  /,-/c(  2  rf)‘  (11.6) 


In  the  lower  part  of  the  chart  on  FI;;.  11.1  are  given  values 

of  AP  /P°  ,  determined  by  formula  (11.6).  As  can  be  seen,  at  the 

y  a  ya 

same  relative  quantity  of  removed  heat  1C/AI  the  specific  thrust 
is  lowered  more  substantially  at  large  values  of  p*/p_.  The 
amount  of  relative  quantity  of  heat,  removed  from  the  working 
medium  in  the  nozzle,  is  usually  not  more  than  0.02-0.05  (smaller 
values  pertain  to  heavy  engines).  The  lowering  of  specific  thrust 
causea  by  this  is  small. 

WHh  Independent  cooling  of  engines,  tested  on  a  stand,  a 

cons iderab ie  quantity  of  heat  Q  can  be  removed  and  decrease  of 

T  can  reach  5*  for  small  engines, 
yr, 
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Fig.  11.1.  Relationship  of  APy//PyA 
to  relative  quantity  cf  removed  heat: 

—• — •  w  ■  100; - it  ■  1000. 

c  c 


Effect  of  Nonadiabaticity  with  Regenerative  Cooling 

With  regenerative  cooling  the  same  scheme  of  selection  of 
heat  Qc  in  the  nozzle  throat  can  be  taken.  When  determining  une 
change  in  total  enthalpy  in  the  nozzle  it  is  necessary  to  consider 
that  heat  Qc  is  completely  returned  to  the  combustion  chamber.  In 
connection  with  this,  expression  (11.2)  takes^the  form 

a/q  ®=  (/»—/,)— #/e.  (11.7) 


Quantity  61.  can  be  written,  as  earlier: 
c 

4/c“  7  c&Si 


Entropy  change  in  the  case  of  regenerative  cooling  Is  caused 
not  only  by  heat  removal  Q  at  temperature  T  ,  but  also  by  reverse 

C  H  p 

feed  of  it  at  temperature  TJ,  i.e., 

te-tei+tet, 

where 


«  +  l  <?c 

2  r* 

K 
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Consequently : 


an  J 


9  N 


and 


*/*“ 


By  substituting  expression  (11.8)  in  equality  (11.7), 

A/e*(/«-/«)i~-^-Q,. 


By  analogy  with  the  previous  case 


Qc. 
il  ' 


4 


Approximately 


or 


I  Qc_ 

4  m  T ; 


APyl  n-l  ^  T^ 

<  ~~  4 "  a/  r;  • 


Relationship 
of  Ri-;.  ll.l.  ;.b 


(11.9)  is  shown  in  the  upper  part  of  the 
can  he  seen,  increase  in  specific  thrust 


(11.8) 

we  obtain 


(11.9) 

chart 
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result  of  regenerative  cooling  even  when  ic/Al  ■  0.1-0.;-’  comprises 
only  fractions  of  a  percent.  Actually  the  relative  quantity  of  heat, 
circulating  In  the  regenerative  cooling  system,  Is  even  Icon  due  to 
a  number  of  limitations  (see  Chapter  XX). 

Thus,  regeneration  of  heat  in  the  cooling  passage  of  the 
chamber  of  a  liquid-propellant  rocket  engine  is  not  30  substantial 
a  means  of  increase  in  specific  thrust  in  comparison  with 
However,  external  regenerative  cooling  of  the  chamber  walls  at 
least  eliminates  irreversible  heat  removal  from  the  working  medium 
and  thus  averts  losses  of  specific  thrust  connected  with  3uch 
removal . 


11.3.  Heterogeneity  of  Parameters  and 
tncomplete  Combustion 

Heterogeneity  of  Parameters 


The  method  of  determination  of  thermodynamic  characteristics 
examined  earlier  proposed  identical  distribution  of  propellant 
components  along  the  cross  section  of  the  combustion  chamber.  In 
actuality  the  distribution  of  propellant  components  is  heterogenec^^ 
This  heterogeneity  can  be  intentional  or  can  have  a  random  eh arp^ter. 


Equilibrium  mixing  of  components  in  some  assigned  ratio  provides 
maximum  possible  liberation  of  heat  under  the  given  conditions. 

Value  of  optimum  component  ratios  is  selected  from  conditions  of 
obtaining  the  best  basic  indices  of  the  chamber. 


However,  high  values  of  temperature,  at  which  it  is  difficult 
to  organize  reliable  cooling,  correspond  to  the  magnitude  of  optimum 
component  ratios.  Therefore,  homogeneous  distribution  can  be 
unacceptable,  if  it  does  riot  provide  the  necessary  life  of  the 
chamber. 


The  low-temperature  range  near  the  chamber  walls  can  be  organized 
by  various  means.  This  can  be,  for  example,  supply  of  propellant 
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when  *  t  k  or*  other  special  l i<i uid ,  gas  ( llquid-propo  1 .1  tint  rocked, 
engines),  utilization  of  npculal  low-temperature  propel  lnnts  or 
coat  Inf, a  that  burn  up  (PATT)  [HDTT  ■  solid-propellant  rocket  engines] 
and  others.  Iri  all  ouch  caoes  the  compoaition  and  properties  of 
combustion  products  tire  heterogeneous  along  the  croa3  section  of 
the  combustion  chamber.  [Translator's  Note:  om  ■  optimum.] 

The  reason  for  random  oscillations  of  composition  and  properties 
of  combustion  products  can  be  heterogeneity  of  propellant  composition 
(possible  in  HDTT),  scattering  of  characteristics  of  mixing  elements 
(liquid-propellant  rocket  engines). 

Let  us  determine  the  basic  thermodynamic  characteristics  of 
nonuniform  flow,  consisting  of  i  propellants  of  various  initial 
composition  (for  example,  different  tc^ )  with  relative  flow  rate  g^  . 

In  addition  to  earlier  accepted  assumptions  (see  Chapter  VIII) 
we  will  consider  that  combustion  products  of  separate  propellants 
are  Isolated  from  each  other,  and  pressure  is  constant  along 
the  cross  section  of  the  chamber.  Theoretical  characteristics  of 
separate  propellants  (Pyfl  Bif  ni,  1  and  others)  are  known 
by  results  of  thermodynamic  calculation. 

Continuity  equation  for  comousticn  products  of  I-th  propellant 

gi=0,'W,Fi 


can  be  written  so: 


C  —PlFi^'a‘ 
1  RiT, 


(11.10) 


where  'T^  -  ‘‘ach  nur.  her. 

.>y  ur.iri;-  npproxi.  .ate  formulas  for  tne  spec  i  of  sound  and 
complex  ,'j  .  in  the  fori;. 


0 


flow)  and  N2H^  (boundary  layer)  at  pressure  In  the  combust,  1  on 
chamber  10.5  bar  and  general  coefficient  of  component  ratios 
•c  ■  1.2  kg  OH/kg  fuel.  Aa  can  be  seen,  formulas  (11.12)  and 
(11.13)  give  practically  coinciding  results. 


Table  11.1.  Comparative  appraisal  of  the 
accuracy  of  approximate  formula  for  6. 


N, 

H1 

N*H4  +  Nj04  1 

Nonmlfoiv  flow 

1* 

n 

X 

I 

*  1 

ft  | 

* 

• 

Prow 

0.0 

1,2 

19,96 

1,23 

186,4 

188,4 

188,4 

O.OS5 

10,74 

1.37 

132.3 

1.4 

20,09 

1,23 

183.1 

181,7 

181,68  . 

0,114 

10.74 

1,37 

132,3 

1.6 

21,60 

1.23 

181,1 

175.6 

175.6 

[Translator’s  Note:  tosh  ■  exact,  npnfl/i  ■ 
*  approx. 


For  determination  of  specific  thrust  in  a  void  in  case  of 
nonunlformity  of  flow  (pressure  at  nozzle  section  p  is  prescribed) 
use  known  formula: 


/Jy*  n G,Wt  + p'  S Fj  ■ 


(11.14) 


Ey  substituting  the  value  of  in  formula  (11.14),  we  obtain: 


pi*.u  —  Hgi^i  +  PcJl giFjt  /  “  £  (w,  -f  peF  ,) 

‘it 


l 


(11.15) 
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Tht;  off*  .-M  neierogohoour:  distribution  of  components  on 
specific  thrust  of  prvipit  j  ]  ant  ;torozlne-50  +  ! J 0 r> . ,  in  nhowri  on  !•' I r- . 

i.  *• 

11.2.  bistriuulli.n  <  along  the  cron:;  section  of’  chamber,  taken  an 
Initial  data,  Jn  uhov/n  on  Table  11.2  [  9  J  • 


Table  11.2.  Kxamples  of  distribution  of 
propellant  components . 


j  K'l  |  0,0333 

0,2047 

0,1153 

0,2770 

0,1433 

0, 1354 

variant  >  1 - . 

| 

1  t 

iOO 

-15 

to 

1  30 

15 

12,5 

i  Si 

0,0233 

0.2500 

1 

0,1477  j 

0,2870 

0,14,53 

0,1467 

A*% 

-too 

0 

l  ^ 

l  ^ 

1 

10 

!  7 

1 

As  can  be  seen,  heterogeneous  distribution  of  propellant 

components  in  the  considered  case  reduces  the  specific  thrust. 

Amount  of  losses  P  is  changed  depending  both  on  k,  and  on 

y  a  • n 

relative  area  of  nozzle  section. 


jvo  _ 

pynn 
kgf 

|  /c-w 
no 


— 

pyant 

4^: 

ft  -V  - 

Fig.  11.2.  Effect  of  hetero¬ 
geneous  distribution  of 
propellant  components  on 
specific  thrust. 


Generally  the  specific  thrust  of  nonuniform  flov;  is  always 
less  than  the  specific  thrust  of  uniform  flow  at  average  <  ,  if 
relationship  P  =  f(<)  has  been  directed  concavity  downward  in 

J  A  •  1  1 

the  entire  range  of  k.  by  levelling  the  fields  of  itp  accompanying 
real  flow,  the  i  f’fuct  of  nonunif^rinity  of  flow  diminishes. 


Incomplete  Combuotlon 


For  evaluation  of  the  effect  of  incomplete  combustion  we 
proposed  a  number  of  models .  The  simplest  method  consists  in  the 
following. 


It  proposes  that  as  a  result  of  incomplete  combustion  the 
temperature  in  the  combustion  chamber  is  lower  than  calculated;  the 
composition  and  properties  of  combustion  products  correspond  to 
equilibrium  values  at  this  temperature.  Temperature  change  T  * 
can  be  uniquely  connected  with  change  in  enthalpy  of  mixture  6It, 
which  allows  making  use  of  extrapolation  formulas. 


* 

For  simplicity  let  us  examine  extrapolation  of  specific  thrust 
under  conditions  of  equality  of  pressures  pQ  *  ph<  Relative 
change  in  specific  thrust  in  accordance  with  formula  (9.50)  is 


(11.16) 


Quantity  <P°  )2 


is  conveniently  represented  by  formula 


Then  expression  (11.16)  is  reduced  to 


(11.17) 


Change  of  quantity  (n  -  l)/2n  in  range  f  =  5-50  can  comprise 
several  percent  (increase  with  increase  of  f  ).  Therefore,  losses 
of  specific  thrust  as  a  result  of  incompleteness  of  combustion 
Increase  with  the  increase  of  fc.  When  n  *  const  and  a4"  constant 
pressure  in  the  combustion  chamber  the  losses  of  specific  thrust 
because  of  incompleteness  of  combustion  do  not  depend  on  f  . 
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11.  H.  Moiildonlliy  of  '.'orhln"1  ionium 

Let  as  estimate  the  effect  of  deviations  from  criaation  of  state 
of  ideal  gas. 


Let  us  examine  the  state  of  the  system  at  some  prescribed 

pressure  and  temperature  T.  To  it  corresponds  equilibrium  composition, 

determined  by  numbers  of  moles  n  (molar  fractions  x  ) .  Let  us 

q  q 

assume  that  from  3tate  p,  T  can  change  into  arbitrary  state  with 
invariable  chemical  composition.  Then  x^  ■  const  and  it  is  simple 
to  establish  connection  between  properties  of  the  mixture  at  pressure 
p  and  when  p  ■  0  (ideal  gas)* 


Let  us  determine  enthalpy  and  entropy  of  the  mixture,  for  which 
let  us  integrate  the  following  differential  thermodynamic  relation¬ 
ships  with  respect  to  pressure  from  prescribed  p  to  p  0  when 
T  *  const: 


(11.18) 


(11.19) 


As  a  result  we  obtain: 


(11.20) 


(11.21) 


[Translator's  dote :  m/j  =  ideal.] 
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The  first  terms  in  the  right  slues  of’  express  1  r>nr.  (11, PO^ 
and  (11.21)  -  enthalpy  and  entropy  of  some  fictitious  ideal  mixture, 
composition  of  which  (numbers  of  moles  nq)  is  equal  to  the  composition 

of  mixture  of  real  gases. 

For  this  ideal  mixture  when  x^  ■  const  the  following  relation¬ 
ship  is  valid 


(11.2?) 


Having  substituted  it  in  equation  (11.21),  we  obtain: 


I (5J  „A - tfo  In  «,)  -  /?oJV  In  p+ In  N  - 

4 


dp. 


(11.23) 


As  earlier,  the  number  of  moles  of  propellant  M  is  taken  such, 
so  that  the  following  equality  would  be  fulfilled 

N~P-  (11.24) 

By  using  equality  (11.24),  we  obtain: 


0 


(11.25) 


In  accordance  with  the  formula  for  chemical  potential  of  the 
q-th  component  in  a  mixture  of  real  gases  let  us  write: 


reina 


and 

ship 


»•** 


r  d(!—TS) 


dn. 


r.  T,  n 


=  'L -TW-«olnnt)- 


(11.26) 


nope 
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,..iere  v  =  ([)v/iii.  )  ,,  -  '..cuar  partial  volume,  determined  by 

(i  !i  p  >  ^ 

equation  of  state  of  mixture. 


=  P,,  > 

i  i 


Pop  i.ienl  a:;  on  the  basis  of  formulae  (11.22)  and  (11  .24) 
p  , ,  .volar  oar-tin]  volume  Is  equal  to 


,--A/yrt  M_\ 

dnq  \  qp) 

q  ' P,T ,  tif 


(11.27) 


Taking  into  account  formula  (11.27)  and  equality  =  p  we 
obtain  the  expression  applied  in  Chapter  VI  for  chemical  potential 


®««*  "M)  'n  Pq  Hi)- 

Equilibrium  composition  of  homogeneous  mixture  of  reacting; 
real  gases  is  found  from  equations  of  thermodynamic  equilibrium 
which  also  were  considered  in  Chapter  VI.  The  original  form  of 
equations  of  chemical  equilibrium  and  conservation  of  substance 
remain  as  previous:  ^ 

£<*/>•?/ 

l 

=  t. 


and  instead  of  equation  of  Dalton  lav/  there  Is  used  obvious  relation¬ 
ship  : 


2  —  1- 


(11.28) 


In  the  final  form  far  calculations  the  system,  of  equations 
appears  in  t.ne  follow  in.'  for:.: 


In  tii  —  4mtaU  In  n,  rbiA’/,,— — 0;  (  1 1 .  P  9  > 


! 


I  a,)nj-j-  n,)— In  AfT  —  In  b,  t =0; 


(11.30) 


In  £/»,— In  p=0. 


(11.31) 


where 


Technology  of  solutions  of  equations  (11. 29)-(ll. 31)  remains 
basically  as  previous,  it  is  necessary  only  to  note  the  following 
feature.  Generally  the  last  term  in  equation  (11.29)  depends  on 
the  temperature,  pressure  and  composition.  Inasmuch  as  equilibrium 
composition  of  the  mixture  of  real  gases  was  not  knov/n  earlier,  in 
l»j  first  approximation  for  determination  of  this  term  the  composition 
, of  ideal  gas  is  used.  The  found  composition  of  real  gas  is  then 
used  for  refinement  of  quantities  change  of  which,  in  turn, 

leads  to  the  necessity  of  repeated  calculation  of  composition,  etc. 

By  differentiating  system  (11.29)— (11.31)  with  respect  to 
logarithm  of .  pressure  or  with  respect  to  logarithm  of  temperature, 
we  obtain  values  of  partial  derivatives,  necessary  for  determination 
of  thermodynamic  functions  and  properties  of  the  mixture.  The 
latter  are  calculated  by  usual  thermodynamic  relationships. 

An  important  moment  in  thermodynamics  of  real  gas  is  the 
selection  of  corresponding  equation  of  state.  As  criterion  of 
correctness  of  this  selection  there  is  coincidence  of  calculated 
and  experimental  properties  of  the  mixture.  As  applied  to  conditions 
in  the  chambers  of  rocket  engines  the  experimental  determination 
of  properties  of  combustion  products  is  difficult  and  therefore 
can  be  performed  only  with  the  aid  of  theoretical  equations  of 
state. 


when 


Mixt 


! 


Let  us  take  the  equation  of  state  for  a  mixture  in  virial  form 


m: 


9  I  ) 


(11.32) 


where  3^  -  the  second  virial  coefficients. 

Selection  of  equation  of  state  (11.32)  is  Justified  by  the 
following  considerations: 

a)  theoretical  validity  of  equation  of  state  in  virial  form; 

b)  possibility  of  approximate  determination  of  virial  coefficients 
in  the  absence  of  immediate  experimental  data; 

c)  range  of  temperatures  and  pressures  (T  >  700°K,  p  <  500  bar) 
for  which  it  is  proposed  to  use  the  equation  of  state. 

Values  of  the  second  virial  coefficients  are  determined  by 
formulas  of  molecular-kinetic  theory  in  accordance  with  the  accepted 
model  of  interaction  (potential): 

/*„=  1,2615**, ^(r;,). 

The  tabulated  values  of  functions  3*j  (Tjfj  )  for  the  most  commonly 
used  potentials  are  listed  in  reference  book  [4], 

In  Table  11.3  as  illustrations  there  are  presented  equilibrium 
properties  of  combustion  products  of  propellant  +  ^20li 

when  a  ■  0.C,  cooled  to  temperatures  2000,  1200,  800°K  at  pressures 
150  and  300  bar.  Units  of  measurement  of  thermophysical  quantities: 

Cp p  kJ/kg.der,  ap  ue**”1,  af  r./s ;  upper  value  -  properties  of  ideal 
Mixture,  lower  -  real  ;  1  j . 
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Table  11.3.  Equilibrium  properties  of  ileal 
and  real  mixtures. 


T 

p  —  150 

p  r=  300 

«p-10» 

cp9 

n 

«p- 103 

fpp 

800 

1.3594 

1,9650 

557,3 

1,3292 

i 

1.8392 

558,1 

1,4987 

2,0438 

566,7 

1 .6054 

2,0011 

577,8 

1200 

0.9002 

2,1809 

708,7 

0,9920 

2,5844 

702,2 

0.9204 

2,2341 

•726,3 

1.0235 

2,7108 

736,5 

2000 

0,5002 

1,8979 

918,2 

0.5001 

1,9084 

918,2 

0,4947 

1,9038  | 

935.5 

0,4894 

1,8960 

953,0 

As  was  to  be  expected,  divergences  in  properties  of  ideal  and 
real  mixtures  correspond  to  known  theoretical  positions:  they  are 
decreased  with  increase  of  temperature  and  with  decrease  in  pressure. 
Prom  Table  11. 3  it  is  also  evident  that  under  conditions  (p,  T) , 
analogous  to  tabular,  allowance  for  deviations  in  the  properties  of 
working  medium  as  a  result  of  nonideality  is  expedient. 

Calculation  of  processes  in  the  rocket  engine  chamber  with 
^nOnldaal  (in  the  sense  of  equation  of  state)  working  medium  is 
analogous  to  calculation  listed  in  Chapter  VIII  with  Ideal  working  ^ 
medium.  In  this  case  the  values  of  composition,  enthalpy,  entroff? 
and  other  properties  of  combustion  products  must  be  determined  with 
allowance  for  a  particular  equation  of  state,  for  example  (11.32). 

As  illustrations  Table  11.4  contains  relative  deviations  of 
real  thermodynamic  characteristics  from  ideal  for  propellant 
asymmetric  dimethylhydrazlne  ♦  IJ at  values  of  excess  oxidant 
ratio  a  ■  0.5  and  0.9.  As  can  be  seen,  in  this  instance  the  effect 
of  nonideality  is  relatively  small  and  cannot  be  considered  in 
calculations. 

Results  of  fulfilled  calculations  allow  making  the  following 
conclusions  [2].  In  the  pressure  range  10C-500  bar  and  temperature 
range  1000-2000°K  the  reality  of  gases  weakly  affects  the  compos  it  Lor. , 
enthalpy  and  entropy  of  the  mixture  anu  rat.ier  noticeably  affects 
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(  j-l'j.j )  t.heri.wviyna:  d  c  proper?,]  >. 
wound )  . 


city  , 


n  L 


Cable  :  I  Ji .  Felative  change  in  thermodynamic 
cnar.teieristics  cf  oropellant  C,,!’p  h'-,  +  X^C,. 

with  utilization  of  equation  of  state  of 
iueal  and  real  gas. 


a 

toirfc':st:  on  chanbelj 

1  nozzle 

throat 

Inozzle  edgepr=0,5 

Pk  ’-ar 

17V  % 

'  | 

»/*% 

WVn% 

1,5 

150 

0.25 

0,39 

0,72 

0,55 

0,05 

250 

0,42 

0,65 

1,19 

0,85 

0,11 

0.9 

150 

0,02 

0,11 

0,45 

0,27 

0.06 

1 

1 

2,r0 

0.04 

0,21 

0,74 

0,41 

0,09 

In  connection  with  the  change  in  thermal  capacity  under  these 
conditions  a  change  of  temperature  in  the  combustion  chamber  and 
throat  is  possible.  In  gas  generators  (see  Chapter  XVII)  as  a 
result  of  low  temperatures  this  change  can  be  substantial  (tens  of 
degrees).  In  the  process  of  gas  expansion  the  effect  of  reality  is 
diminished  rapidly  and,  most  frequently,  is  not  reflected  on 
parameters  of  the  end  of  expansion. 

Since  values  of  viri.al  coefficients  Bu,  Bt)  at  elevated  tempera¬ 
tures  are  known  only  approximately,  then  the  obtained  calculation 
data  arc  estimate!. 


1 1 .  .  Che:  ileal  ..'onennl  1  lb  rlu.-i. 


It  is  known  that  for  establishment  of  equilibrium  In  gases 
finite  time  is  necessary.  For  gas  located  in  thermal  equilibrium, 
the  separate  Molecules  constantly  acquire  or  lose  energy  as  a  result 
of  collisions,  however  tue  complete  cnange  of  energy  of  the  system 
in  this  case  turns  out  to  !e  equal  to  zero.  Quantity  of  energy, 
acquired  or  lost  on  one  collision  (i.e.,  effectiveness  of  collisions), 
ui  iff  ‘^qui  i •  -i  ■:  -onui  t  loi.s  turns  out  to  be  enessent  1  al .  however. 
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if  external  conditions  (for  example,  temperature  and  pressure) 
suddenly  change  and  the  gas  starts  to  approach  a  new  state  of 
equilibrium,  then  the  rate  of  approach  to  equilibrium  (measured 
usually  by  time  of  relaxation)  directly  depends  on  the  effectiveness 
of  collisions. 

With  decrease  of  the  temperature  in  the  flow  (for  example,  during 
flow  in  the  nozzle)  various  internal  balancing  processes  (energy  and 
chemical  relaxation)  for  their  realization  require  a  greater  number 
of  collisions  between  molecules  before  equilibrium  will  be  attained. 

If  the  time  of  achievement  of  equilibrium  is  of  the  same  order  as 
the  time  of  stay,  then  deviation  from  equilibrium  is  possible,  which 
c— .  change  the  character  of  flow.  These  so-called  relaxation 
effects  can  be  observed  every  time  that  changes  of  external  conditions 
with  respect  to  gas  occur  so  rapidly  that  inside  the  structure  of 
gas  there  is  no  change. 

In  order  that  the  relaxation  process  of  a  separate  degree  of 
freedom  would  affect  the  flow,  two  conditions  are  necessary:  time 
of  relaxation  must  be  comparable  with  the  time  of  stay,  and  change 
of  energy,  connected  with  the  process  of  relaxation,  must  comprise 
a  considerable  part  of  the  overall  change  in  gas  enthalpy.  From 
this  viewpoint  in  the  chamber  of  the  engine  (time  of  stay  10~^ 
to  10  s)  the  most  important  relaxation  processes  are  processes 
of  dissociation  and  recombination,  as  "slower"  and  leading  to 
noticeable  change  of  energy  in  comparison  with  other  types  of 
relaxation.  However,  In  certain  cases  the  nonequilibrium  of  the 
process  of  energy  exchange  between  different  types  of  internal 
motion  of  molecules  can  also  show  a  noticeable  effect. 

Investigation  of  processes  with  allowance  for  finite  rat-’s 
of  reactions  requires  the  inclusions  of  chemical  kinetics  -  studies 
about  the  mechanism  and  rates  of  chemical  reactions  dependin'*  on 
various  conditions  of  the  passage  of  processes. 
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The  rate  of  chemical  reactions  is  determined  by  change  in  the 
concentration  of  reacting  substances  with  time: 


(U 


d£L 

ax  ' 


(11.33) 


where  t  -  time ;  -  molar  concentration  of  i-th  component  of 

mixture : 


sole.  (11.34) 

.m-5 

Sometimes  as  the  measure  of  concentrations  we  take  density  or 
partial  pressure  of  the  component,  or  the  number  of  its  molecules 
in  a  unit  of  volume. 

The  rate  of  reactions  depends  on  the  number  of  collisions  of 
particles  in  a  unit  of  time,  which  is  proportional  to  the  product 
of  concentrations  of  reactin';  substances.  The  equation,  which 
connects  the  rate  of  the  reaction  with  concentrations  of  reacting 
substances,  is  cabled  kinetic  or  equation  of  kinetics. 

Relative  to  rates  and  mechanism  of  chemical  reactions  as 
applied  to  processes  in  rocket  engines  i:e  usually  use  the  following 
assumptions  : 

a)  as  components  of  comb.,  at  ion  products  we  consider  only 
monatomic,  uiatomlc  and  trlato...ic  components  of  mixtures;  the 
presence  of  molecules  with  a  large  number  of  atoms  is  considered 
Improbable ; 

b)  we  consider  only  double  and  triple  collisions,  i.e.,  we 
consi  icr  bl...o locular  and  trimolecular  reactions  as  the  more  probable 
anu  stud  leu  In  experimental  works; 

c)  we  consider,  as  a  rule,  generalized  reactions  of  dissociation- 
recombination  with  -moral  catalytic  particle  ".  rue:,  particles 
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can  be  any  mixture  component,  consequently,  its  concentration  is 
equal  to 


C  M 


=  2 


ri\ 


d)  when  writing  equations  of  kinetics  we  apply  the  principle 
of  independence  of  react tons,  i .e . ,  consider  that  each  of  then 
proceeds  independently. 

As  theoretical  Investigations  show,  m.tliiia!;  io  loviat ion  from 
equilibrium  is  more  probable  in  the  supersonic  part  of  che  no///,  ]e. 

In  the  combustion  chamber  and  subsonic  n.irt  of  tin  nozzle  the  hi/h- 
toT.pe'rature  mixture  is.  usually  In  the  state  of  •  •!  ."ileal  equilibrium. 
In  gas  generators  as  a  result  of  relatively  low  temperatures  the 
chemical  ronequilibi’lum  Is  possible.  Its  effect  Is  evaluated  In 
Chapter  XVII. 

At  present  It  Js  not  possible  to  strictly  aid  uniquely  select 

■  the  mechanism  of  reactions  in  a  multicomponent  mixture.  This  is 
oauamd  by  great  difficulties  in  research  on  kinetic  processes  In 

re  aotlng^  fixtures.  ''v 

Nonequilibrium  flow  of  gas  in  the  nozzle  in  a  one-dimensional 
arrangement  la  described  by  such  a  system  of  equations:  Equation 

of  motion  - 


dp+QWdw^O; 


(11.  ?5) 


equation  of  continuity  - 


Fqw— const; 


(11.  56) 


equation  of  energy  - 


,  a  • 

/  r  —  —roust: 


( 1 1 . J7) 
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equation  of  elate  - 


As  was  noted  in  §  10.4,  the  chemical  nonequilibrium  of  expansion 
weakly  affects  the  distribution  of  density. 

System  of  equations  ( 11. 35)-( 11 • 38) ,  (11.40)  and  one  of 
conditions  (11.41)— (11.  ^*3)  allow  completing  the  calculation  for  a 
particular  nozzle  by  numerical  methods. 

For  illustration  of  the  character  of  calculations  of  chemically 
nonequilibrium  flows,  let  us  examine  one  of  the  probable  reaction 
mechamlsms  for  propellant  with  the  simplest  chemical  composition 
H2  +  E7].  Possible  components  of  combustion  products  in  this 

case  will  be:  H2,  02,  H20,  OH,  H02,  H202,  0^,  0,  H.  Proposed 
mechanism  of  reactions  are  such: 


1) 

H,  +  M^2H  +  M; 

8) 

OH-f  0H^H20-f  O; 

2) 

0,f  M^20  +  M; 

9) 

H,  +  0  ^OH  +  H; 

3)Hrf>fM;iOH  +  H+M; 

10) 

OH+O  ^H  +  02; 

4)fV>fM^H,  +  0+M; 

ID 

HA  +  M  £OH+OH+M; 

5)  OH+M^O+H+M; 

12) 

HOj-f-M  ^H+Oj  +  M; 

«) 

0,+H.^OH+OH;  , 

13) 

H,+HOa^HA  +  H; 

7) 

H.+OH^mO+H; 

14) 

Qi+Oj  ^O,+0, 

where  M  -  general  catalytic  particle  -  any  of  the  components  of 
ooabuatlon  products.  Mathematically  the  equation  of  kinetics  is 
written  for  each  component  in  the  form  analogous  to  that  given  here 

for  H20: 


^-±l-Kt(T)CH,ocM+1?t(T)cMM-K<(T)c»,0cM  + 

+ RfnfopM + Ki  (T'Jch.Coh — %i(T)ch,o  + 

fOH  —  (7) fH,0 <■<>)• 


where  K^(T),  1^(T)  -  constants  of  rates  of  direct  and  reverse 
reactions,  respectively. 


Thus, 
nozzle  the 


in  case  of  chemically  nonequilibriun:  expansion  in  the 
problem  is  reduced  to  solution  of  a  complex  system  of 
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differential  equations,  which  is  feasible  only  on  an  [-’V'l  = 

electronic  computer]. 


As  illustrations  on  Figs.  11.3,  11.4  there  arc  some  calculation 
data  on  temperature,  specific  thrust  and  molar  fractions  for 
dissociated  air  [5],  Curves  1,  2,  3  correspond  to  equilibrium, 
frozen  and  chemically  nonequilibrium  expansion.  As  can  be  seen, 
account  of  rates  of  chemical  reactions  at  large  values  of  r  *  r/r 

Hp 

gives  noticeable  deviations  from  results  of  equilibrium  calculation. 


Fig.  11.3*  Temperature  and 
specific  thrust  in  a  void  with 
expansion  of  dissociated  air 
in  a  supersonic  nozzle. 


Fig.  11.4.  Molar  fractions 
of  HO  and  02  with  expansion 

of  dissociated  air  in  a 
supersonic  nozzle. 


In  conclusion  the  following  features  of  the  study  and  calcula¬ 
tion  of  chemically  nonequillbriuir.  flows  must  be  noted. 


1.  During  fulfillment  of  calculations  we  encounter  difficulties 
connected  with  the  limited  knowledge  of  true  mechanisms  of  reactions 
and  constants  of  reaction  rates.  Many  questions  of  kinetics  (theory 
of  chain  reactions,  theory  of  combustion,  heterogeneous  reactions, 
etc.)  have  been  studied  insufficiently  for  practical  utilization 

and  still  await  comprehensive  solution. 

2.  Calculations  are  much  more  bulky  than  during  calculation 

of  equilibriuum  flow,  since  we  introduced  additional  variable  -  space 
coordinate  x  and  equations  of  kinetics  -  system  of  differential 

equations  of  type  (11.40). 

3.  The  character  of  nonequilibrium  flow  depends  on  the  physical 
properties  of  mixtures,  on  initial  pressure  and  temperature,  on  the 
shape  of  channel  (nozzle).  Consequently,  calculations  do  not  possess 
generality  of  results,  it  is  necessary  to  perform  them  for  each 

concrete  case. 

Comparatively  good  agreement  of  obtained  calculation  and 
experimental  data  can  be  noted.  Results  of  calculations,  conducted 
without  allowing  for  the  effect  of  separate  catalytic  particles, 
differ  within  5-101  with  respect  to  quantities  of  molar  fractions 
of  components  and  practically  coincide  with  respect  to  specific 
thrust  and  temperature. 

The  absence  of  reliable  data  about  the  mechanism  and  rates 
of  chemical  reactions,  labor  input  of  accurate  calculations  frequently 
force  us  to  resort  to  approximate  methods  of  analysis  of  chemically 
nonequilibrium  flows  [3].  As  an  example  let  us  consider  the  method 
of  "sudden  freezing,"  initially  proposed  by  Bray  [3]  and  modified 
in  other  works . 

Bray,  while  studying  nonequilibrium  flows  of  diatomic  gases 
in  nozzles,  revealed  that  three  regions  of  flow  can  be  conditionally 

distinguished. 
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1.  .-.quiiiLriu:  ,  or  almost  equilibrium,  region,  be^inninc  from, 
the  combustion  chamber ,  in  whicr.  the  rates  of  dissociation  and 
recombination  w_,  are  very  great  in  comparison  with  the  rate  or 
change  in  concentration  dc^/dt  necessary  for  equilibrium  flow. 

2.  Transition  region,  in  which  the  density  and  temperature-  are 
substantially  diminished,  and  dc./dx,  u^,u.  become  quantities  of 

1  Lj  n 

one  order.  This  causes  noticeable  deviation  from  equilibrium, 
and  the  process  soon  after  this  approaches  frozen  state. 

;.  Region  cf  almost  frozen  flow,  in  which  there  is  fulfilled 
condition 


•it/  NV 


(11.45) 


Approximate  solution  of  the  problem  can  be  obtained  if  we 
consider  that  the  transitional  region  is  an  infinitesimal  section 
of  the  nozzle,  i.e.,  point  during  one-dimensional  flow. 

Consequently,  the  Bray  method  proposes  calculation  of  equilibrium 
flow  to  the  point  of  instantaneous  freezing,  and  after  it  -  calculation 
of  frozen  rttew.  The  position  of  this  point  is  letermined  with  the 
aid  of  bray  criterion,  obtained  on  the  basis  of  equation 
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(11. 46 ) 


[Translator’s  Tote:  paBu.  =  equilibrium] 


In  equation  (11. the  derivative  of  concentration  with  respect 

to  time  aria  tne  rate  of  iiss  cieticri  w,  arc  uctcrmined  by  results 

1  * 

of  equilibri  u:..  o:il  cal  *.it  5  ,  k  -  coef  ficier.t  of  the  nreer  of  one. 
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In  the  following  works  the  ^ray  method  was  developed  for 
multicomponent  systems.  In  this  Instance  of  a] 1  the  chemical 
reactions  only  those  which  play  a  determining  role  in  thermodynamics 
of  the  system  and  mechanism  of  reactions  are  considered.  In  each 
of  these  reactions  a  limited  number  of  components  take  part.  The 
component,  taking  part  in  all  reactions,  is  considered  the  main. 

By  analogy  with  I3ray  criterion  in  examining  a  multicomponent  system 
there  should  be  compared  the  rate  of  change  in  concentration  of 
"main"  component,  required  by  conditions  of  equilibrium  flow, 
its  total  rate  of  "compound"  reaction.  The  rate  of  "compound" 
reaction  is  determined  by  kinetics  of  all  separate  reactions, 
which  the  "main”  component  takes  part. 
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the  combustion  chamber  and  nozzle  shape.  Selection  of  the  main 
component  is  carried  out  on  the  basis  of  analysis  of  equations 
of  kinetics,  energy  contribution  of  heat  of  reactions  and  results 
of  equilibrium  calculations. 


As  calculations  of  various  authors  [8],  [9]  show,  losses  of 
specific  thrust  as  a  (result  of  chemical  nonequi librium  can  comprise 
from  fractions  of  a  percent  to  several  percent  and  even  tens  of 
percent.  Concrete  quantities  of  losses  of  specific  thrust  depend 
on  the  propellant,  pressure  in  the  combustion  chamber,  nozzle  shape 
and  relative  nozzles  area  fQ.  Some  illustrating  results  are  shown 
on  Pigs.  11.5-11.7. 
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Fig.  11.5.  Specific  thrust  in  a  void 
with  expansion  of  hydrogen  in  a  super¬ 
sonic  nozzle:  p  ■  30  bar;  T  »  6000°K; 

1,  2,  3  -  equilibrium,  frozen  and 
nonequilibrium  expansion  respectively. 
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Fig.  11.6. 


Fig.  11.7. 


FIg-  11.6.  Relationship  of  specific  thrust  in  a  void  to  u :  propel¬ 
lant  h2  +  F2;  fc  -  40;  -  PK  -  21  bar; - 4.2  bar;  1  -  with 

equilibrium  expansion;  2  -  with  allowance  for  kinetics. 

Fig.  11.7.  Relationship  of  losses  of  specific  thrust  in  a  void 
caused  by  chemical  nonequi librium,  to  < :  propellant  (50?  ^2^*8^2  + 
N2Hj,)  +  PH  -  7  bar;  fc  -  40. 
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CHAPTER  XII 


SINGLE-PHASE  FLOW  IN  THE  NOZZLE.  FUNDAMENTALS 

OF  PROFILING 

In  the  chapter  are  examined  Fundamentals  of  profiling  round  and 
ring  nozzles,  a  system  of  coefficients  considering  pulse  losses  in 
a  real  process  of  expansion  is  presented.  For  round  nozzles  basic 
principles  of  selection  of  optimum  supersonic  contour  are  described. 

Solution  of  these  questions  is  presented  for  a  single-phase  working 

medium.  .  :‘v  •'  • 

12.1.  General  Information 

During  flow. of  a  real  gas  in  the  nozzle  the  process  of  expansion 
proceeds  with  noticeable  distinction  from  the  idealized  scheme  of 
calculation  accepted  in  Chapter  VIII.  This  distinction  is  caused 
by  internal  irreversible  processes  and  due  to  this  has  decrease  in 
the  outflow  velocity  and  specific  thrust.  Optimum  construction  of 
nozzle  profile  must  guarantee  a  minimum  level  of  losses  of  specific 
thrust  at  some  limiting  requirements  (overall  sizes  of  nozzle, 
weight ) . 

Calculation  of  gas  flows  In  the  nozzles  and  construction  of 
extremal  nozzle  contours,  which  satisfy  certain  specific  conditions, 
are  complex  problems.  Their  solution  Is  obtained  In  [9]-[l5]. 
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A  contemporary  supersonic  nozzle  consists  of  three  basic 

parts: 

1)  subsonic  part  of  the  nozzle; 

2)  critical  section  region  (nozzle  throat); 

3)  supersonic  part  of  the  nozzle. 

In  the  subsonic  part  of  the  nozzle  there  occurs  acceleration 
of  flow,  velocity  of  which  in  the  throat  recion  reaches  local  speed 
of  sound.  In  the  supersonic  part  immediately  after  the  surface 
of  passage  through  speed  of  sound  there  begins  a  region  of  preliminary 
expansion  of  gas,  where  flow  is  accelerated  to  a  certain  velocity. 
Curved  wall  AA',  during  flow  around  which  the  flow  is  accelerated, 
in  limiting  case  can  be  replaced  by  break  of  contour  -  angular 
point  A  (Pig.  12.1).  According  to  [15] »  during  flow  around  the 
angular  point  the  flow  increases  its  velocity  to  prescribed  at  the 
shortest  length  in  comparison  with  any  other  methods  of  acceleration 
of  flow  due  to  flow  Around  the  wall. 
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Fig.  12.1.  Contour  of  super 
sonic  part  of  the  nozzle: 

a)  without  angular  point; 

b)  with  angular  point. 
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After  achievement  of  prescribed  value  of  velocity  on  the 
axis  of  L lie  nozzle  by  flow,  its  parameters  with  further  notion  are 
determiner  by  the  contour  of  the  supersonic  part  of  the  nozzle. 
Corresponding  construction  of  this  contour  fives  the  possibility 
of  obtaining  flow  uniform  and  parallel  to  the  axis  on  the  nozzle 
section. 

Profiling  of  rocket  engine  nozzles  is  based  on  solution  of 
a  system  of  equations  of  fas  dynamics,  which  for  steady  1  *•-  •*- ^tional 
axisyrametrical  flow  of  inviscid  and  nonheat-conducti 
written  in  the  following  form: 


(12.1) 


dy  dx 


0, 


(12.2) 


where  w  ,  w  -  projections  of  flow  velocity  w  to  the  axes  of  co- 

y 

ordinates  x,  y.  Axis  x  Is  directed  along  the  axl3  of  the  nozzle, 
axis  y  -  perpendicular  to  it. 

dy3tem  of  differential  equations  ( 12. 1 )-( 12. 2)  depending  on 
the  flow  velocity  has  different  form:  elliptic  (:1  <  1),  parabolic 
(M  *  1),  hyperbolic  (t  >  1).  Accordingly,  the  methods  (basically 
numerical)  of  solutions  of  the  system  are  different.  Therefore, 
questions  of  profiling  the  subsonic  and  rupersonic  parts  of  the 
nozzle  are  usually  considered  separately. 

12.2.  Profiling  the  Subsonic  Part  of  Found  b’ozzles 


?rofilo  or  t:.w  ..ubnonic  part  of  a  nozzle  can  uc  found  by 
solution  of  system  of  equations  ( 12 . 1 )- ( lb . 2 )  under  concrete  boundary 
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conditions.  However,  the  solution  of  tills  system  is  extrer.ely 
complex.  Complete  and  accurate  calculations  of  flow  in  the  subsonic 
part  of  the  nozzle  were  obtained  only  recently  [11].  Empirical 
relationships  also  received  wide  distribution  for  profiling  the 
subsonic  part  of  a  nozzle ;  sor.o  of  them  are  listed  below. 

Usually  the  subsonic  part  cf  toe  nozzle  is  characterized  by 
the  following  elements  (Ei^.  12.2): 

r  -  radius  cf  nozzle  inlet  at  the  place  of  conjugation  with 

B  X 

the  contour  of  the  combustion  chamber,  if  the  combustion  chamber 
is  cylindrical,  then  r  *  r  ;  [Translator's  ’lote:  bx  »  inlet] 

B  X  K 

r^  -  radius  of  curvature  of  nozzle  inlet. 

0#x  -  cant  angle  of  conical  section  of  the  nozzle  to  axis; 

r2  -  radius  of  curvature  of  profile  in  the  nozzle  throat; 

i*  -  radius  of  throat  nozzle. 

Mp 


Contour  of  the  subsonic  part  must  guarantee  continuous  flow 
(to  avoid  burnouts)  with  uniform  and  known  velocity  field  in  the 
;  throat.  This  gives  the  possibility  of  reliably  profiling  the 
.  supersonic  part  of  the  nozzle.  In  accordance  with  geometrical 
acoustics  the  stability  of  the  combustion  process  must  be  guaranteed 
fro*  the  viewpoint  of  high-frequency  oscillations.  In  this  case 
the  overall  dimensions  (and  consequently  weight  and  losses  on  friction) 
must  be  minimum.  Theoretical  construction  of  the  optimum  profile 
of  the  subsonic  part  of  the  nozzle  is  a  complex  mathematical  problem. 


Pig.  12.2.  Contour  of 
subsonic  part  of  r.t  c- 
r.ozzle . 
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If  tae  profile  of  the  subsonic  part  is  selected  arbitrarily , 
tiien  the  possibility  of  shock  waves  in  not  excluded  in  the  supersonic 
part  of  the  nozzle,  causes  by  nonconf lrmity  of  the  subsonic  ancl 
supersonic  parts.  The  reason  for  this  can  be,  for  example,  a  too 
prolonged  (gently  sloping)  profile  in  the  throat  region- 

As  a  consequence  of  the  appearance  of  shock  waves,  in  the 
nozzle  appear  disturbances  of  flovj  along  the  entire  length  of  the 
supersonic  part,  which  leads  to  decrease  in  the  thrust.  Too  great 
a  curvature  of  the  wall  in  the  throat  region,  although  it  excludes 
the  appearance  of  shock  waves,  leads  to  large  nonuni  form ’ ty  of  flow 
in  the  nozzle  throat,  as  a  result  of  which  thrust  is  also  diminished. 
Optimum  magnitude  of  radius  of  curvature  of  the  nozzle  profile  in 
the  throat  region  is  established  experimentally;  usually  it  does 
not  exceed  2r 

np 

The  magnitude  of  entrance  angle  @  insignificantly  affects 

B  X 

the  shaping  of  flow  in  the  nozzle  throat,  however  it  strongly  affects 
the  intensity  of  heat  output  from  gas  to  the  wall.  It  is  experimentally 
shown  that  increase  in  angle  from  10°  to  35-^5°  diminishes 
convective  heat  flow  by  [2].  Furthermore,  with  increase  of 

Bax  the  length  of  the  subsonic  part  of  the  nozzle  is  decreased, 
which  favorably  affects  the  weight  of  the  chamber. 

Finally  the  contour  of  the  subsonic  part  of  the  nozzle  ic 
Joined  with  the  contour  of  the  combustion  chamber  with  radius  r^. 

Its  magnitude  affects  the  character  of  flow  in  the  region  of  coup'.ing 
of  combustion  chamber  and  nozzles,  where  positive  pressure  gradients 
are  possible.  At  small  values  of  r1  (r^  <  0.3rax)  end  large  values 
of  0  as  a  result  of  large  positive  pressure  gradients  boundary 
layer  separation  is  possible  at  the  wall,  which  intensifies  heat 
output  to  walls  of  the  nozzle. 

Thus,  when  designing  the  subsonic  part  of  the  nozzle  one  can 
use  the  following  relationships: 
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(12.3) 


fc.<45°; 

r«p<^  r7<C.  2rnp- 


In  certain  cases  Instead  of  radius  subsonic  part  one  can  use 
a  conical  subsonic  part  with  parameters 


0<r,  </•*,' 
f>„<458; 
r,*sO. 


(12.4) 


Conical  subsonic  nozzles  create  noticeable  nonuniformity  of 
flow  parameters  in  the  throat. 


12.3.  Profiling  of  the  Supersonic  Part 
of  Round  Nozzles  ' 


Idea  of  the  Method  of  Characteristics 

The  basis  of  construction  of  the  theoretical  profile  of  the 
fluporsonlc  part  of  a  nozzle  is  solution  of  system  of  differential 
pi^uatlorts  (12.1)-(12.2) .  Let  us  examine  the  fundamental  means 

of  solution  of  this  system. 

Let  us  assume  that  hydrodynamic  parameters  w  ,  w  ,  a(w  ,  w  ) 

x  y  x  y 

are  assigned  on  some  line  F  and  it  is  required  to  find  their  values 

In  the  region  close  to  this  line.  If  we  could  calculate  the  first 

and  highest  derivatives  of  velocities,  then  values  of  w  ,  w  car. 

x  y 

be  continued  outside  the  curve  by  expansion  into  Taylor  series: 

- 


For  determination  of  the  values  of  partial  derivatives 

(3w  /3x),  ( 3w  /3y ) ,  ( 3w  /3x ) ,  (3w  /3y)  let  us  use  equations  (12.1)- 
x  a  y  y 

(12.2)  and  also  the  relationships  valid  alonr  curve  F: 
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As  a  result  for  determination  of  the  four  partial  derivatives 
necessary  to  us  we  have  a  system  of  four  equations: 


K- 

-*>  u  +•*(?  +ft)+K-“’) 

dWj, 

_*El_  o- 

dy 

dx 

dwx  dWjt  dwx  dy 

dx  dx  dy  dx  ’ 

(12.5) 

dwy  dWy  dvy  dy 
dx  dx  dy  dx 

(12.6) 

Excluding 

derivatives  3w  /3x,  3w  /3x  from  equations 

(12,1) 

and  (12.2)  let 

J 

us  write: 

[wxwy  -  (w\  -  a»)  y')  f  [(w*  -  a2)  -  »,»,</']  ^  - 

c^Wg  / _ o  ..i\  m,  m.  dw§ 

— j*-  (®i  ■*$7x~w*Z£iL' . 

_ 

dy  dy  rfx 

■  — «»— - 

where 

,  dy 

dx 

'i'he  obtained  system,  of  two  algebraic  equations  are 

concisely 

rewritten  so: 

dtrx  ,  dttu 

flii .  +fln~r=f': 

Oy  dy 

(12.7) 

dwx  .  (Hru 

®»i  , 

»j/  tty 

(12.8) 
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By  solving  this  system  of  equations,  we  find: 


toy  _  g|lCa—  Cj|t|  _  A|  . 

dy  3]\Ot2 — «n«i2  A  (12.9) 


d*’.r  _  thyc  i  —  ant;  A, 

dy  an<hi — flst<*u  A  (12.10) 


Let  us  determine  the  values  of  the  other  two  partial  derivatives 

from  equations  (12.5)  and  (12.6). 

Thus,  all  derivatives  can  be  found  if  the  following  determinant 
is  not  equal  to  zero 

A  nO**— -Bjifl  12  0. 


If  A  ■  0,  then  system  of  equations  (12.1)-(12.2)  can  allow  only 
.indeterminate  solutions.  In  order  that  these  solutions  would  remain 
finite,  it  Is  also  necessary  in  this  case  to  require  vanishing 
determinants  a^  and  a^. 

It  is  clear  that  determinant  A  is  not  equal  to  zero  on  any 
line  y(x)  with  tangent  of  cant  angle  y'.  Curves,  determined  from 
equation  a  *  0,  are  called  characteristics  of  system  (12. l)-( 12.2) . 
Prom  equation  A^  =  0  (or  A?  ■  0)  we  obtain  conditions  of  connection 
between  w  and  w  -  differential  relationships  on  characteristics. 

x  J 

t 

Let  us  introduce  Mach  a  into  examination,  determined  from 
relationship 


(12.11) 


281 


-2.10) 


r.  in  ant 


remain 


2.2). 

section 


12.11) 


•  .12) 


where  6  -  angle  co: prised  by  velocity  vector  with  axis  x.  2y 

solvin'-  equations  &  =  0  ami  A.  =  0  relative  to  v*  and  dw  /dv: 

1  1  x  y 

ana  considering  (12.11),  (12.12),  after  a  series  of  conversions 
we  obtain  t wo  solutions: 

1)  for  characteristics  cf  the  first  family 


di/-=-tgl6  -  a )dx. 


>*>  sin  a  sin  6  . 

- a  8  - Ux; 

a’lga  y  cos  (8+  a) 


(12.13) 


( 12.14) 


2)  for  i.haracteristi  cs  of  hue  second  family 


dx. 

ycn*(»  —  a) 


(12.15) 


(12.16) 


Equations  (12.13),  (12.15)  assign  the  directions  of  character¬ 
istics,  and  equations  (12.14)  and  (12.16)  -  differential  relationships 
on  the  characteristics. 

Thus,  through  any  point  in  the  region  of  potential  sunersonic 
flow  it  Is  possible  to  draw  two  lines  -  characteristics  of  first 
and  second  fa '111ns  (r’ii*.  12.3),  along  which  the  parameters  of  rlov; 
are  changed  In  accordance  with  differential  relationships  (12.14), 
and  (12. 1C).  This  serves  as  a  basis  of  numerical  methods  of  solution 
of  corresponding  gas-uynar.  ic  problems. 

During  numerical  calculation  of  supersonic  flows  in  the  nozzles 
by  net  hod  of  characteristics  four  problems  can  be  separated  f  ] . 


1 


PiE*  12.3.  Lines  of  characteristics: 

C+  -  characteristic  of  first  family; 

C“  -  characteristic  of  second 
family. 


1.  Cauchy  problem.  Hydrodynamic  parameters  are  assigned  on 
some  line  AB,  not  being  the  characteristic  (Fig.  12.4).  It  is 
required  to  determine  the  values  of  all  flow  parameters  in  region 
ABC,  limited  by  curve  AB  and  by  characteristics  of  first  (3C) 
and  second  (AC)  families. 


« 

Pig.  12.4.  Cauchy  problem. 


x 

2.  Ooursat  problem  (Fig.  12.5) •  Hydrodynamic  parameters  are 
assigned  on  characteristics  AO  and  OB.  It  is  necessary  to  determine 
hydrodynamic  parameters  in  region  AOBO',  where  AO*  and  30'  -  char¬ 
acteristics  of  different  families. 


3.  Hydrodynamic  parameters  are  assigned  on  the  characteristic 
of  one  of  families  AO  and  solid  wall  AB  is  given  (Pig.  12.6). 
Calculate  the  field  of  flow  In  region  AOO’B  (BO'  -  characteristic). 


t 


Fit,.  12.6.  Calculation  of  field  of 
flow  by  the  Method  of  characteristics 


x 


4.  Fara.'.,eters  on  the  characteristic  of  the  second  faMily  and 
pressure  on  the  free  surface  are  assignee.  It  is  required  to 
determine  the  shape  of  free  surface  and  flow  parameters. 

Design  construction  of  the  nozzle  profile,  determination  of 
flow  parameters  in  a  nozzle  of  prescribed  configuration  will  be 
reduced  to  solution  one  of  the  enumerated  problems,  or  a  combination 
of  them.  The  technique  of  numerical  solution  of  these  problems 
has  much  in  common.  Let  us  examine  it  in  the  example  of^Cauchy's 
problem.  Let  us  divide  curve  AS  (see  Fig.  12.4)  on  which  all 
hydrodynamic  parameters  are  known,  by  a  number  of  small  segments  and 
from  points  aj  and  a^  let  us  draw  characteristics  of  first  and 
second  families  (let  us  replace  increase  of  arguments  by  finite 
differences) : 


Ay-.  Htg(l 


(12.17) 


Ay-.  =(<«(• 


(12.18) 


where 

Ay<  =  it  -  -  y«, ;  a *.,  =  *.  —  ; 

I  *1 

Ay-,  *yaj  —  y«. ;  AJc-,«=»jra-  — je-,. 

System  of  equations  (12.17),  (12.13)  gives  the  possibility  of 

determining  coordinates  of  point  al :  x  .,  y  ,.  For  determination 

l  al  a7 

of  flow  parameters  at  point  a^  analogous lly  let  us  replace  differential 
relationships  (12.14)  an  i  (12.16)  by  finite  differences: 


(-^nr  )..<*•;  — -M 

bcO*(»  +  «)j«,V  *1  *' 


(Tih-U'v  -»..)= 

»tn«»ln>  |  -  .  ’ 

Xa,'‘ 


(12.10) 


(ir.20) 


Solution  of  the  written  system  of  equations  illov/s  determining 
the  values  of  the  velocity  w  and  angle  0  at  point  aj,  and  with  their 
aid  and  quantities  of  all  the  remaining  parameters.  ny  similar 
means  we  find  coordinates  anu  parameters  of  flow  also  at  other 
points,  a' ,  a^,  a^,  ...»  b',  i.e.,  position  of  new  curve  a'b’  is 
determined  with  fJLow  parameters  known  on  it. 

When  performing  practical  calculations  on  an  electronic  computer 
system  of  equations  ( 12. 13 )— ( 12.16)  i3  usually  reduced  to  a  form 
more  convenient  for  calculations.  Particular  working  formulas  are 
presented  in  [8].  £ 

Construction  of  Contour  of  the  Supersonic 
Part  of  a  Nozzle 

The  most  common  problem  of  profiling  a  nozzle  is  determination 
of  its  contour,  providing  maximum  specific  thrust  (coefficient  of 
thrust)  with  minimum  weight  of  the  nozzle  under  assigned  conditions. 
Inasmuch  as  at  prescribed  quantity  f  ■  F,/F  a  pood  measure  of 

C  G  H  p 

nozzle  weight  is  its  length  or  surface,  maximum  specific  thrust 
should  be  obtained  with  minimum  length  or  surface  of  the  nozzle. 


The  simplest  shape  of  the  supersonic  part  of  a  nozzle  is 
conical.  For  conical  nozzles  the  length  of  supersonic  part  L 

C  D 

at  known  dfi  and  dHp  is  uniquely  determined  by  aperture  angle  of 
the  nozzle: 
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(12. PI) 


where  o  -  half  the  aoerture  angle  of  a  conical  nozzle. 

c 

Rational  selection  of  angle  oc  can  be  done  on  the  basis  of  the 
following  considerations.  With  increase  of  «c  the  length  of  the 
nozzle  and  its  surface  are  shortened.  In  connection  with  which 
pulse  losses  on  friction  and  also  weight  of  the  nozzle  are  diminished. 
However,  dispersion  losses  simultaneously  increase  as  a  result  of 
nonparallelism  of  outflow.  With  decrease  of  angle  a„  dispersion 
losses  drop  and  the  weight  of  nozzle  and  friction  losses  simultaneously 
increase  as  a  result  of  increase  in  the  length  and  surface. 

Thus,  for  each  nozzle  there  exists  an  optimum  value  of  «c, 
providing  a  minimum  of  losses  of  specific  thrust.  However,  optimum 
angles  a  in  conical  nozzles  are  rather  small  (a„  \  10-15°). 

Therefore,  the  length  of  nozzle  and  its  weight  are  obtained 
considerable,  especially  for  chambers  which  have  large  values  of 
fc.  Because  of  Increase  of  finite  weight  the  characteristics  of 
the  apparatus  are  Impaired.  Increase  of  nozzle  surface  means  an 
increase  of  heat  removal  from  combustion  products,  i.e.,  cooling 
of  nozzle  is  hampered.  Other  limitations  are  possible,  for  example, 
complexity  of  control  of  swiveling  nozzle,  etc. 

Theoretical  end  experimental  investigations  showed  that  the 
mentioned  deficiencies  can  be  decreased  if  we  replaced  the  colnlcal 
nozzle  by  one  specially  profiled.  Construction  of  the  profile  of 
the  supersonic  part  of  a  nozzle  in  this  Instance  is  based  on  the 
following  considerations. 

After  establishment  of  critical  condition  the  velocity  in 
nozzle  throat  becomes  equal  to  the  local  speed  of  sound.  We  will 
assume  that  flow  is  uniform  in  the  nozzle  throat.  This  assumption 
is  ;enerally  accepted,  which  is  used  when  profiling  the  supersonic 
part  of  the  nozzle.  Tor  determination  of  the  real  distribution  of 
parameters  in  the  throat  one  should  calculate  f lev/  in  .the  supersonic 
part . 


I 


With  uniform  flow  in  the  nozzle  throat  the  line  of  constant 
velocity,  equal  to  the  local  speed  of  sound  (transition  line), 
will  be  straight.  On  Pig.  12.7  this  line  is  AOj.  With  notion  of 
gas  downward  along  flow  from  the  transition  line  around  angular 
points  A  Prandtl-Meyer  type  flow  appears  during  flow  around  an 
external  obtuse  angle  by  supersonic  flow  with  the  difference  that 
each  elementary  volume  of  gas  in  region  AOjO  takes  part  in  two  such 
motions:  on  one  hand  this  motion  is  in  a  fan  of  waves  of  rarefaction, 
proceeding  from  point  A,  on  the  other  hand,  -  motion  in  a  fan  of 
waves  of  rarefaction  with  the  center  at  point  A  on  the  opposite  side 
of  the  nozzle.  In  this  case  the  flow  velocity  at  point  0  is 
parallel  to  the  axis  and  equal  to  prescribed.  Let  us  profile  the 
generatrix  of  nozzle  AB  so  that  on  the  characteristic  of  the 
second  family  OB,  proceeding  from  point  0,  flow  parameters  are 
constant.  In  this  instance  the  characteristic  will  be  rectilinear, 
flow  velocity  at  all  its  points  is  identical  and  parallel  to  the 
axis,  and  the  nozzle  will  provide  flow  that  is  uniform  and  parallel 
to  the  axis  at  the  exit. 


~T?  there  la  no  angular  point,  i.e.,  the  nozzle  contour  in  the 
throat  la  made,  for  example,  in  the  shape  of  an  arc  of  3ome  curve, 
then  analogical  reasonings  can  be  made  by  substituting  the  ..re 
by  a  curve  with  broken  line. 
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how  the  scneme  of  construction  of  the  contour  of  the  supersonic 
nart  of  a  nozzle  can  be  represented  so.  First  there  is  considered 
the  accelerating  section  -  region  AO^O.  Calculation  is  performed 
by  the  method  of  characteristics,  in  this  case  the  last  character¬ 
istic  of  accelerating  section  AO  is  constructed  from  condition  of 
achievement  of  prescribed  velocity  or  -Iq  nuraoer_by  the  flow^at  point  0, 
The  sequence  of  calculation  is  shown  by  pointers  on  Fie-  12.7.  For 
example,  by  using  the  assigned  values  of  hydrodynamic  parameters  on 
the  characteristic  of  the  first  family  A0!^  and  solving  the  Cauchy 
problem,  we  find  coordinates  and  distribution  of  hydrodynamic  para¬ 
meters  on  characteristic  A0'^.  As  a  result  of  calculation  of  acceler¬ 
ating  section  AOjO  we  obtain  distribution  of  hydrodynamic  parameters 
on  characteristic  AO,  in  this  case  at  point  0  the  flow  velocity  is 
equal  to  prescribed. 

For  construction  of  nozzle  profile  AL  it  is  necessary  to 
calculate  flow  in  the  balancing  section  -  in  region  A03.  A3  initial 
values  for  this  we  use  the  values  of  hydrodynamic  parameters  on 
characteristics  AO  and  Ob.  As  already  was  mentioned,  characteristic 
of  the  second  family  OB  rr.ust  be  a  straight  line  and  at  every  point 
have  constant  value  of  velocity  and  other  parameters.  Inasmuch 
as  all  hydre dynamic  parameters  after  calculation  of  the  accelerating 
section  at  pcV,  0  are  known,  consequently,  they  are  also  known 
on  characteristic  OB,  angle  of  slope  of  which  is  determined  according 
to  the  prescribed  number  !.Q: 

,,n— v 

Characteristic  AO  was  constructed  above. 

Thus,  we  have  known  values  of  flow  parameters  on  two  character¬ 
istics:  AO  and  03.  It  is  required  to  find  the  values  of  these 
parameters  in  region  AOB,  i.e.,  to  solve  Goursat  problem.  The 
sequence  of  calculation  is  shown  on  Fig.  12.7  by  pointers,  where 
the  construction  of  the  next  characteristic  A'O'  is  shown. 
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Thus,  as  a  result  of  completed  calculations  -;e  '.r/c  value-, 
of  all  flow  parameters  in  region  AG^GE.  This  is  sufficient  In 
order  to  construct  current  lines,  going  out  from  any  point  of  tho 
sound  line  AO^.  Each  of  them  can  be  taken  as  generatrix  of  the 
nozzle,  in  this  case  the  current  line,  going  out  from  point  A, 
gives  us  the  contour  of  the  nozzle  with  break  of  generatrix  (no/. 7.1c 
with  angular  pcirit),  other  current  lines  (intermediate)  give  a 
contour  without  break  of  generatrix.  Inasmuch  as  contours  constructed 
in  this  way  rest  bn  characteristic  0D,  they  all  provide  flo-  t'^t 
is  uniform  and  parallel  to  axis. 

Tables  of  supersonic  contours  for  different  values  of  numbers 
Mg  at  the  exit  and  ratios  of  thermal  capacities  are  listed  in  a 
number  of  works.  Usually  in  tables  are  listed  relative  coordinates 
!  of  contour  x  ■  x/r  ,  y  »  y/r  .  and  also  8,  a,  relative  side 

HP  up 

j  Surface  and  flow  rate,  projection  to  axis  x  affecting  the  line  of 
|  current  of  pressure  forces  and  series  of  quantities  necessary  for 
I  determination  of  pulse  losses  on  friction  and  scattering.  As  a 
|  rule,  all  calculation  of  contours  are  performed  for  a  working 
'medium  of  constant  composition  with  constant  value  of  ratio  of 
thermal  capacities.  The  effect  of  variability'*-©!*  properties  of 
working  medium  with  respect  to  the  nozzle  on  its  geometry  can  be 
considered  with  sufficient  accuracy  with  the  aid  of'mean  Index  of 
lsentrope  n,  value  of  which  along  with  number  Mg  is  used  when 
selecting  the  contour.  As  Immediate  calculations  show  [13], 
contours,  constructed  with  allowance  for  variability  of  composition 
and  properties  of  working  medium  with  respect  to  the  nozzle,  and 
contours,  constructed  according  to  mean  value  of  n,  practically 
1  eolnolde .  The  same  Is  valid  during  calculation  determination  of 
t pulse  losses  in  the  nozzle. 

Comparison  of  conical  and  profiled  nozzles,  which  have  identical 
relative  noszle  section  area,  shows  that  while  maintaining  toe 
constancy  of  thrust  coefficient  the  profiled  nozzle  can  be  30-50* 
shorter.  Approximately  the  same  figures  express  decrease  In  the 

weight  and  surface  of  the  nozzle.  If  the  nozzles  i.elnr  ec- .pore’’ 
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have  Identical  length,  then  the  profiled  nozzle  provider,  a  gain 
in  specific  thrust  up  to  25*. 


Methods  of  profiling  the  supersonic  part  of  the  nozzle, 
examined  here,  are  not  unique.  iethods  have  been  developed  which 
provide  construction  of  extremal  profile  with  maximum  thrust  with 
certain  specified  conditions  (weight,  length,  etc.).  The  starting 
point  of  construction  of  extremal  nozzles  is  the  following.  As 
It  is  known,  in  the  absence  of  losses  maximum  thrust  is  obtained 
for  contours  of  nozzles,  which  create  flow  at  the  exit  parallel 
to  axis,  however,  the  end  section  of  such  nozzles  barely  takes 
part  in  the  creation  of  thrust,  inasmuch  as  its  surface  is  practically 
parallel  to  the  nozzle  axis  and  does  not  perceive  forces  directed 
along  the  axis.  If  for  such  a  nozzle  the  end  part  is  cut  off,  then 
with  insignificant  loss  of  thrust  on  scattering  substantial  economy 
In  weight  can  be  obtained,  in  this  case  friction  drop  losses. 


As  can  be  seen  (see  Fig.  12.7,  wavy  line)  the  contour  of  a 
shortened  nozzle  rests  on  characteristics  of  different  families  AC 
and  CD'.  Thrust,  created  by  section  of  nozzle  AH',  can  be  determined 
having  examined  reference  surface  OCB’.  Generally  the  distribution 
of  parameters  on  CB*  Is  not  optimum  in  the  sense  of  obtaining 
maximum  thrust. 


Thrust  characteristics  of  the  nozzle  can  be  improved,  if 
we  specially  select  distribution  of  pressure  and  velocity  on  OCH' , 
providing  maximum  thrust.  Gas-dynaalc  feature  of  the  given  variational 
problem  is  the  independence  of  parameters  on  characteristic  AO 
and  in  the  region  to  the  left  of  it  from  variation  (change)  of 
contour  AB'.  Therefore,  the  variational  problem  is  solved  only 
about  the  extremal  contour  of  the  supersonic  part  of  the  nozzle, 
passing  through  two  fixed  points  A  and  3'  and  providing  the 
distribution  of  parameters  on  characteristic  CB'  required  from 
condition  of  maximum  thrust. 
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The  problem  Is  solved  by  methods  of  calculus  of  variations 
[10],  [14]-[16].  In  this  case  the  following  distribution  of 
parameters  on  characteristic  Cd’  is  obtained: 


twjt-c) 

cos  a 

rQ^tgO'Sht**: 


ccost,; 

-const). 


Characteristic  CB',  on  which  these  relationships  are  fulfilled, 
they  are  called  variational.  If  point  C  coincides  with  point  0, 
then,  as  is  easy  to  note,  characteristic  CB'  coincides  with  uniforr 
characteristic. 

Shortened  nozzles,  contours  of  which  are  constructed  on  the 
base  of  variational  characteristic,  have  less  friction  and  scattering 
losses  in  comparison  with  any  other  nozzle,  contour  of  which  passes 
through  the  same  points  A  and  B'. 

Profiles  of  shortened  nozzles,  constructed  by  variational 
methods,  somewhat  differ  from  profiles  obtained  by  simple  shortening 
of  the  contour  of  a  nozzle  profiled  for  parallel  and  uniform  flow 
at  the  exit.  However,  the  corresponding  difference  in  coefficients 
of  pulse  losses  in  this  case  is  relatively  small. 

12.4.  Fundamentals  of  Profiling  Ring  Nozzles 

In  contrast  to  round  nozzles  the  diagrams  of  ring  nozzles  are 
numerous.  The  picture  of  flow  in  them  can  have  noticeable  differences. 
Figure  12.8  shows  some  possible  diagrams  cf  ring  nozzles  [5],  [12]. 

In  nozzles  on  Fig.  12.8  (1)  the  throat  is  perpendicular  to  the 
nozzle  axis.  They  are  distinguished  by  the  relative  role  of  the 
nozzle  skirt  and  inner  body  in  the  creation  of  thru3t.  In  the  type 
(a)  nozzle  thrust  is  created  simultaneously  by  the  skirt  and  inner 
body,  ana  types  (b)  ana  (c)  -  inner  oojy  and  skirt  respectively. 
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'ices  . 


a)  b)  c) 


h)  1.)  J).  k) 


Fir.  12.8.  Some  diagrams  of  ring 
nozzles . 


Nozzles  of  these  types  are  usually  calculated  by  the  method  of 
characteristics  for  uniform  and  parallel  flow  at  the  exit.  Immediate 
calculations  of  contours  of  the  type  on  Fig.  12.8,  la  in  [12] 
show  that  by  displacement  of  lower  angular  point  according  to  flow 
it  is  possible  to  increase  the  number  M  at  the  nozzle  exit  in 
comparison  with  number  .'1  of  ring  nozzle  with  the  same  dimensions  of 
throat,  but  with  angular  points  in  one  plane. 

Utilization  of  a  nozzle  with  displaced  lower  point  allows 
shortening,  of  the  length  of  ring  nozzle  two  times  in  comparison  with 
a  corresponding  round  nozzle. 

Tables  of  contours  of  ring  nozzles  of  the  type  on  Fig.  12.3  lb 
when  n  »  1.4  are  contained  in  [7J-  In  this  type  of  nozzles  the 
surface  of  the  skirt  does  not  create  thrust,  however  the  presence 
of  this  surface  diminishes  the  possibility  of  lowering  of  thrust 
because  of  overexpansion. 


In  ring  nozzles  of  Fig.  12.8  II  the  radial  plane  of  the  throat 
Is  turned  to  a  certain  angle  a,  in  this  case  the  annular  throat 
iias  conical  snape  and  directs  the  flow  from  the  engine  axis.  In 
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these  types  of  nozzles  tnrust  can  be  create.:  oy  tue  nozzle  ana 
inner  body,  or  only  by  the  nozzle  skirt,  ay  neons  of  change  of  the 
throat  angle  various  distribution  of  thrust  between  the  inner  body 
and  skirt  can  be  obtained,  b'ozzles  are  profiled  by  fee  method  of 
characteristics.  In  this  case  one  should  bear  in  mind  that  the  shape 
of  the  inner  body  in  any  diagram  of  the  given  type  of  nozzles  has 
a  relatively  small  effect  on  nozzle  parameters  if  all  other  conditions 
remain  the  sane. 

In  the  three  subsequent  types  of  ring  nozzles  on  Pip.  12.8,  III 
the  throat  angle  provides  direction  of  flew  to  the  nozzle  axis. 

In  this  case  thrust  is  created  either  by  the  nozzle  skirt  and  inner 
body,  or  by  only  the  inner  body.  In  all  diagrams  of  these  nozzles 
the  preferred  role  usually  leads  to  the  inner  body.  Sometimes  the 
skirt  is  replaced  by  a  cylinder,  which  protects  the  flow  around  the 
inner  body  from  external  effects. 

Advantage  of  the  nozzle  of  Fig.  12.8,  Illk  (sometimes  called 
aerodynamic)  -  the  possibility  of  substantial  shortening  of  the 
inner  body.  In  this  case  in  the  end  region  a  small  flow  rate  of 
the  working  substance  is  supplied  (for  example,  products  of  (T;iA) 

[TNA  *  turbopump  unit]  exhaust ) ,  Increasing  the  pressure  in  this 
zone  and  lowering  the  losses  because  of  shortening. 

Nozzles' of  the  type  on  Pig.  12.8,  III  are  calculated  also  by 
the  method  of  characteristics.  As  experiments  show,  nozzles  with 
radially  convergent  flow  possess  poorer  parameters  in  comparison 
with  nozzles  of  Fig.  12.3,  II,  Inasmuch  cs  tiie  small  surface  of 
inner  body  in  the  region  of  flow  constraint  does  not  provide  it 
good  direction. 

As  can  be  seen,  the  general  distinction  of  nozzles  of  ,’ig.  12. 

II  and  12.8,  III  from  nozzles  of  Fig.  12.8,  I  is  turn  of  the  thrsat, 
making  it  possible  to  noticeably  shorten  the  length  of  rin;  nozzle. 
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Profiles  of  some  u  1  agrans  of  ring  nozzles  can  be  constructed 
by  approximate  methods .  As  an  example  let  us  consider  nrofllinr 
a  nozzle  with  inner  body  (Pic*  12.9). 


Fig.  12.9.  Approximate 
construction  of  the  profile 
of  inner  body. 


Let  us  assume  that  in  the  geometrical  nozzle  throat  the  flow 

velocity  equal  to  local  speed  of  sound  and  is  directed  at  Prandtl- 

Meyer  angle  vc  to  the  nozzle  axis,  value  of  which  is  determined 

by  number  "  : 

c 

(iz.a. 


1 


Length  of  any  characteristic  fron  the  nozzle  edf*c  to  the  surface 

of  inner  body  will  be 


it*  i 


or,  with  allowance  for  equation  (12.23): 


:_jdlzzrT 


j!sl 


By  Introducing  the  value  of  current  relative  area  f  «  F/F 

Kp 

and  relative  section  area  fc  in  the  last  expression,  we  obtain  In 
dlmerfslonless  form: 


T  r.  ilil 


j  j  f 

where  /t„. ! .  *  .  nb  ■  rb/rc  -  dimensionless  end  radius. 


Equation  (12.24)  together  with  equation 


I— v#— *(M)— «(M) 


determines  the  profile  of  the  Inner  body. 


(12.24) 


( 12.25) 


Thus,  for  construction  of  the  profile  of  the  Inner  body  L>y 
approximate  method  we  should  assign  the  number  'i  at  the  exit 
(determined  by  ffi)  and  value  (0-9.5).  When  selecting  quantities 
one  should  bear  in  mind  the  length  of  the  inner  Lody  relatively 
weakly  Influences  the  effectiveness  of  the  nozzle.  Thus,  for  instance, 
reduction  of  length  of  pointed  Inner  body  (n^  »  0)  bv  39?  Impairs 
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t  iie  gas-dynai  .ic  characteristics  of  tne  nozzle  by  2-5''*  Approx  irate  v 

shapes  of  contours  of  the  inner  body  when  n  *  l.*J  and  different 
values  of  I  arc  listed  In  [1]. 

12.5.  ilstlnatlon  of  Pulse  Losses  in  the  ilozzle 

As  a  result  of  thernouynanlc  and  gas -dynamic  losses  the  thrust 
In  a  void  (total  pulse  of  nozzle)  is  distinguished  frori  the 

theoretical  value  obtained  in  thermodynamic  calculation,  "he  following  ■ 

basic  features,  characterizing  real  flow  in  a  nozzle  can  be  isolated. 

1.  Ilonparallellsm  of  velocity  vector  of  nozzle  axis  and 
nonuni forrriity  of  pressure  in  the  nozzle  exit  section  (pulse  loss 
on  scattering).  These  losses  can  be  caused,  for  example,  by 
shortening  of  the  nozzle,  profiled  flow  that  is  uniform  and  parallel 
to  axis. 

2.  Pulse  losses  on  friction  as  a  result  of  viscosity  of  , 

'  ♦ 

coiibustion  products. 

3.  h'onunlformlty  of  flow  parameters  in  nozzle  throat,  can 

lead  to  nonuniformity  of  parameters  at  the  nozzle  section,  increasing 
with  decrease  in  the  length  of  the  supersonic  part  of  the  nozzle. 

Chemical  nonequlllbr  lurr.  of  flow,  possible  In  cases  when 
the  process  of  expansion  of  working  medium  in  tne  nozzle  proceeds 
so  rapidly  that  the  rate  of  change  of  flow  parameters  is  balanced 
wit’s  the  rates  of  chemical  transformations . 

5.  Temperature  and  high-speed  noncqulllbrlun  between  ras  and 
condensate ,  possible  during  passage  of  two-phase  flow  in  the  nozzle. 

In  ill  1  cases  the  process  with  nonequil  Ibrian  physicochemical  • 

phenomena  is  accompanied  ay  pulse  losses. 
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o.  Pulse  losses  because  of  the  difference  of  contour  of  real 
nozzle  from  theoretical  profile  in  view  of  characteristics  of 
technology  of  production  and  certain  other  reasons. 

Inasmuch  as  results  of  thermodynamic  ealculation  are  used 
when  selecting  the  profile  of  the  nozzle,  comparison  of  real  and 
ideal  nozzles  should  be  performed  under  the  following  basic  conditions: 

a)  flow  rates  per  second  of  both  nozzles  are  identical; 

b)  in  the  throat  of  the  nozzles  being  compared  (with  the 
exception  of  boundary  layer  in  a  real  nossle)  the  distribution  of 
parameters  and  properties  of  flow  la  identical  and  corresponds  to 
equilibrium  state  of  the  working  medium; 

c)  real  and  ideal  nozzles  have  identical  nozzle  section  areas; 

|  d)  real  and  ideal  nozzles  have  equal  values  of  total  nozzle 

j  Inlet  pressure  p|J,  which  when  necessary  can  be  averaged  with  respect 
1‘to  flow-rate: 

i 

0  0  • 

Here  and  further  the  quantities  without  Indices  pertain  to 
real  nozzle  parameters,  with  index  "t"  -  to  theoretical. 

Perfection  of  the  real  nozzle  is  evaluated  quantitatively 
by  coefficients  characterizing  deviations  of  real  processes  from 
ideal.  The  most  Important  of  them  are  the  following. 

1.  Flow  coefficient  of  nozzle 

(1  P.26) 

when 


'  *»>•  ^*p)  (Pup'  *«P' 


wn< 


Thd 
by 

cau.i 

cha;| 


pulsu 

writi 


where 
coef  fj 
lcsse 
( che::. 
loase 
with 
- 

of  pr 


297 


onditions : 


n  of 
s  to 


areas ; 


respect 


(12.26) 


2.  Pulse  coefficient  rf  woxzle  (nozzle  coefficient 


( 12.27) 


G -~Ct:  F e-F cl:  l ^«p )  — (P«>»  *«»•  ^«pV 

Theoretical  value  of  total  nozzle  pulse  P  .  must  be  determined 

n  t 

by  results  of  thermodynar ic  calculation  with  allowance  for  losses, 
caused  by  imperfection  of  organization  of  processes  in  the  combustion 
chamber . 

3 •  Coefficient  of  pulse  losses 


4  Pml  1 


[Translator's  Note:  n  «  total] 


(12.28) 


In  accordance  with  the  reasons  enumerated  above,  causing 
pulse  losses  in  the^real  nozzle,  coefficient  of  pulses  can  be 
written  so: 


(12.29) 


where  -  coefficient  of  pulse  losses  on  scattering;  4rn  - 
coefficient  of  pulse  losses  on  friction;  CMp  -  coefficient  of  pulse 
losses,  caused  by  nonequilibrium  of  physicochemical  phenomena 
(chemical  and  phase  nonequilibrium) ;  -  coefficient  of  pulse 

losses  in  the  nozzle  because  of  distortions  of  profile  in  comparison 
with  theoretical  as  a  result  of  technological  and  other  reasons; 

SQ  -  coefficient  of  pulse  losses  connected  with  features  of  flow 
of  j.ract  1  c\ !  in  t.:ie  throat. 


I 


For  determination  of  coefficients  of  pulse  losses  one  could 
use  gas-dynamic  and  thermodynamic  relationships,  However  because 
of  the  limitedness  of  our  knowledge  relative  to  a  number  of  Phenomena 
during  flow  in  nozzles  not  all  types  of  losses  can  be  calculated  v.ith 
sufficient  accuracy. 

Quantities  of  pulse  losses  in  the  nozzle  more  or  less  depend 
on  properties  and  parameters  of  the  working  medium  at  the  nozzle 
Inlet,  which  determine  the  mean  iser.tropic  index  of  expansion  n. 
Therefore,  values  of  thermodynamic  characteristics  of  propellent, 
serving  as  basis  of  determination  of  real  values  of  Indices  of  the 
nossle,  must  be  corrected  accordingly  due  to  Imperfections  of 
processes  in  the  combustion  chamber. 


throat! 


the  ext 


_ Pulse  losses  on  scattering  in  a  shortened  profiled  nozzle  can 

bs  determined  with  the  aid  of  theorem  of  momentujn.  hy  ’writing  this 
!  theorem  for  volume,  llmltea  by  throat  area,  by  side  surface  of  the 
.nhttpersonic  part  and  nozzle  section  area,  we  obtain 


Pm  + Pwfmi + |  A  rd7. 


where  Pp  -  total  pulse  of  real  flow  at  the  nozzle  section;  r  -  relative 


radius  of  the  nozzle; 


1  ’-[W* 


-  projection  of  pressure  forces 


affecting  the  current  line  (usually  Its  quantity  is  listed  in 
tables  of  contours). 

Let  us  introduce  gas-dynamic  function  z(*)  Into  examination, 
which  when  n  ■  const  is  determined  so: 


of  len* 
nozzle 
At  cons 
of  L 

cb 

For  thi 
i-ffect 


j/llrrr  G9'  *  —  1  (l  4  — V 

**  Gw,,  +  2  \  '  *e/ 


eoef f icl 
the  for” 


Now  the  formula  for  determination  of  coefficient  of  rulsr  losses 


on  scattering  can  be  written  in  the  form 


1  £  i  ™“  Pn  (dflt.p  vp)  I*  (*c)  1]"“  ^Pu  ^  Kp^* 

^  Put  (GWup  +  PifFtf)  I  (At) 

r:a 

tii 

Let  us  convert  the  expression  for  total  pulse  of  flow  in  the 
throat : 


Having  shortened  p  *P 

°  “  k  np 

the  expression  for  Gw  +  p 

1  «p  *np 


in  the  formula  for  E,n  and  const  lerinr 
FKp,  we  finally  obtain 


P 


(12.30) 


itive  Amount  of  pul3e  losses  on  dispersion  depends  on  the  relationship 

of  length  of  the  supersonic  part  of  the  nozzle  L  „  and  radius  of 
nozzle  section,  mean  isentropic  index  of  expansion  in  the  nozzle  n. 

At  constant  value  of  radiu3  rc  quantity  is  decreased  with  increase 
of  L  as  a  result  of  decrease  in  nonunifornity  of  flow  at  the  exit. 

C  O 

For  thi3  reason  is  decreased  with  decrease  of  r  when  L  ■  const. 

r  c  cb 

hffect  of  n  on  the  coefficient  of  pulse  losses  is  slight. 

In  case  of  conical  expansion  nozzle  with  half  angle  ac  the 
coefficient  of  pulse  losses  on  dispersion  is  usually  determined  by 
the  formula  valid  for  radial  flow: 


(12.31) 


:  e  rt  ’1 1 : ; 


2  Hi 


,1;  car.  Io-i  to  rot' enable  errors. 
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?C0 


Magnitude  of  pulse  losses  on  friction  .J  oar.  ;  >  roan-  '*:> 
resultant  of  friction  forces  along  tiie  entire  si: !*o!»>r  rtrerr.- 

lined 


Tf 


! 


2  nrx  dx. 


where  x  •-  coordinate  of  nozzle  section.  Magnitude  of  friction 
c 

stress  t  ic  determined  from  solution  of  boundary  layer  equations 
(see  Chapter  XIV),  or  according  to  empirical  relationships  through 

friction  coefficient  Cf. 


If  the  solution  of  boundary  layer  equations  is  known,  then  the 
thickness  of  lost  pulse  5**  in  any  section  of  the  nozzle  is  usually 
found.  Therefore,  quantity  aPT  can  written  so: 


In  accordance  with  formula  (12.28)  the  coefficient  of  pulse 
losses  on  friction  is  equal  to 


^  p„  ow,  +  ,'7T 


Considering  known  gas-dynamic  relationships 


^s 


-sMJ, 


we  finally  obtain 


r. 


(IP. 12) 
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[Traniilitor's  Mote:  ct*  wall] 


whence,  specifically ,  wc  see  the  relationship  of  friction  losses 
to  the  wall  temperature .  All  things  being  equal  with  Increase  of 
T  the  coefficient  of  pulse  losses  on  friction  is  diminished. 

Quality  5  depends  on  the  length  of  the  nozzle,  radius  of 
nozzle  section  r  ,  n,  heat  exchange  factor  T  *  T  /?  *  and 

L  C  T  C  T  H 

Reynolds  number,  characterizing  flow  conditions  (laminar  or  turbulent). 
f-l  large  Me  numbers  as  a  result  of  the  effect  of  wall  roughness  the 
coefficient  of  pulse  losses  on  friction  cannot  depend  on  Re.  Usually 
In  rocket  engine  nozzles  the  flow  conditions  are  turbulent.  •" 

Coefficient  of  pulse  losses  CTp  grows  with  increase  in  the 
nozzle  lengtn  at  ?CT»  rc,  n  ■  const  as  a  result  of  increase  of 
nozzle  surface.  With  decrease  in  radius  r  at  L  ,  f  n  «  const, 

_  C  C  CT 

arid  also  with  decrease  of  T  ,  n  at  r  ,  L  ■  const  coefficient 

ct  c  c 

STp  is  increased  in  connection  with  increase  of  gas  density  in 
the  boundary  layer. 

Mel!;;',  llity  of  calculation  iet'  rr  inatl  on  of  r  iepon  is  on 

t  p 

tiie  ice  of  sol  ido'  of  boun b  ry  layer  equations.  Accordin'" 

to  dtati.  tlcal  datr  :  «  0.01-  ..fg. 

•  r  1 
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Calculation  determination  of  pulse  losses  ~s  a  result  nr 
nonequilibrium  of  physicochemical  phenomena  present  jre^t  difficult! 
Baalc  physicochemical  phenomena,  leading  to  (iecrea.se  in  r, reel  fie 
thrust,  can  be  considered  speed  and  temperature  noneoui  libriir  in 
two-phase  flows  and  chemical  nonequilibriun  of  the  expansion  nrocess 
(see  Chapter  XI).  Vonequi librium  processes  in  tv/o-phase  flows  are 
considered  in  the  following  chapter. 

The  degree  of  nonequilibrium  (t  increases)  with  decrease 

up 

in  the  time  the  working  medium  stays  in  the  nozzle  tc 


■ 

(  where  L  -  distance  from  nozzle  entrance;  w  -  flow  velocity. 

i 

I  . 

By  graphic  Integration  we  can  determine  tc  and  compare  it  with 
value  tc  for  an  engine,  accepted  as  a  prototype.  With  equality 
tq  and  pressures  In  nozzles  of  comparable  engines  the  corresponding 
pulse  losses  on  nonequilibrium  can  be  taken  close. 

As  follows  from  formula  (12.30),  pulse  losses  on  scattering 

% 

depend  on  distribution  of  flow  parameters  along  the  nozzle.  As 
a  result  of  possible  deviations  of  nozzle  contour  from  theoretical 
for  technological  and  other  reasons,  distribution  of  flow  parameters 
along  the  nozzle  can  become  different,  which  increases  pulse  losses 
on  scattering.  This  is  evaluated  quantitatively  by  the  introduction 
of  coefficient  of  pulse  losses  {  .  Quantity  ir  M  depends  on 

■  «.«  -  -  ■  .  . .  f  M  1  M 

distortion  of  the  nozzle  wall  angle,  distortion  of  radius  and 
length  of  the  nozzle. 

During  flow  of  viscous  ga3  In  the  vicinities  of  angular  point 
a  number  of  features  appears,  caused  ly  viscosity,  "orresnondlng 
pulse  losses  can  be  considered  by  a  special  coefficient,  quantity 
of  which  is  usually  small. 


donuni  forrsity  of  flow  In  the  throat  and  viscosity  of  gas , 
doin'  .  i.ani  for.  ten  in  the  formation  of  boundary  layer,  also  lead  to 
decrease  of  flow  rate  throu,  _h  the  nozzle,  which  is  usually  evaluated 
by  flow  coefficient  g  .  Plow  coefficient  g  is  usually  determined 

^  C  , 

experimentally .  It  can  be  written  so: 


*i«.==  1  —  At*, —  Afhp, 


(12. 3')) 


where  quantity  (l-Ag^),  consieering  the  nonuniformity  of  flow 
parameters ,  Is  determined  by  experimental  or  calculation  relationships 
(r’io.  12.10),  and  the  effect  of  friction  is  considered  with  the  aid 
of  displace. .lent  thickness  6*  by  formula 


‘Mhp^^p/'V 


(12.35) 


flo 


‘■’or  smooth  pipes  coefficient  a  is  equal  to  one.  Magnitude  of 

coefficient  for  rocket  engine  nozzles  comprises  g  =  0.98-1.0. 
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Fig.  12.10.  For  determination 
of  flow  coefficient  of  the 
nozzle . 


In  conclusion  let  tus  establish  the  connection  between  pulse 
coefficients  %  ^  a.ni  coefficients  or  pulse  losses  ^  considering 
particular  types  rf  losses.  According  to  formulas  (12.28)  and 
(12. 29) 

?c»l  IV  1-2(1— f,). 


30^ 


(12. 30 


When  evaluating  the  particular  values  of  pulse  coefficient::  ■  . 
it  is  revealed  that  they  all  are  close  to  one.  \  ;Js  -Ives  a  i.-o's 
for  substituting  formula  (12.36)  by  frequently  applied  r-rrc::i  ate 

formula  of  type 

?c  =  (PlT2'P3-  •  •  <?« 


?c  =  <P/<Ptp<P.'P«»(?/n- 


(12.37) 


Values  of  coefficient  $  for  engines  with  homogeneous  combustion 
products  comprise  0.95-0.98.  Pulse  losses  for  two-phase  working 
medium  are  considered  in  the  following  chapter. 

12.6.  Some  Principles  of  Selection  of  a  nozzle 

Selection  of  a  nozzle  for  an  engine  is  determined  by  concrete 
tactical-technical  requirements,  imposed  on  flight  vehicles.  Npzzle 
of  the  engine,  as  its  other  elements,  must  guarantee  maximum  thrust 
at  the  least  possible  weight.  Furthermore,  selectio»<of  a  nozzle 
can  frequently  be  limited  by  some  additional  requirements,  for 
example,  by  the  cooling  capability,  arrangement  of  the  engine  on 
the  flight  vehicle. 


Solution  of  practical  problems  of  selection  of  an  extremal 

nozzle  is  based  on  analysis  of  values  of  thrust  coefficients  in 

a  void  and  at  altitude  H  (Kp  ,  Kp  ) ,  determined  with  allowance  for 

‘  n  *h 

losses  in  the  nozzle.  We  will  consider  that  combustion  chamber 
ijlith  subsonic  part  of  the  nozzle  are  assigned  and  mean  isentrooic 
Index  of  expansion  in  the  nozzle,  flow  rate  of  gas  and  other  ther..  - 
dynamic  characteristics  are  known.  For  example  let  us  examine  th< 
problem  of  selection  of  supersonic  contour  from  the  family  of  nozm.ie 
contours,  providing  maximum  value  of  Kp  under  some  assigned 

conditions.  Conditional  thrust  characteristics  of  the  family  of 
nozzle  contours  with  angular  point,  necessary  for  solution  <'f  the 
problem,  are  listed  on  Fig.  12.11. 
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Fig.  12.11.  Thrust  characteristics  of  family  of  nozzle  contours 
when  n  «  const;  T  »  const:  -  nozzle  contours;  -  lines  of 

C  T 

constant  values  of  Kp  ;  —  lines  of  constant  side  surface  of 

Q__  •  const. 


1.  Nozzle  with  maximum  pulse  at  constant  relative  side  surface 

of  tne  supersonic  part  of  the  nozzle  a  «  const.  Among  the  family 

of  nozzle  contours  there  are  selected  shortened  contours  which 

have  Identical  side  surface  3  ■  a  /?  (for  example,  AB).  It 

ce  ce  np 

is  obvious  that  the  required  properties  of  maximum  pulse  when 

fl  •  const  are  possessed  by  a  nozzle,  contour  of  which  is  terminated 

C  B 

at  the  point  of  contact  of  line  a  *  const  with  the  line  of  constant 


const  (point  0) 


value  K 


2.  Nozzle  with  maximum  pulse  when  f  ■  const.  Such  a  nozzle 

c 

is  located  on  the  point  of  contact  of  line  CF  f  =  const  with  line 

of  constant  value  K,,  *  const  (Point  H).  Nozzles  with  the  same 

pn 

value  of  f c ,  but  longer  or  shorter  length,  will  have  greater  pulse 
losses,  since  with  decrease  in  length  the  scattering  losses  strongly 
increase,  and  with  increase  in  length  the  friction  losses  grow. 


Jozzle  with  maximum  pulse  at  constant  length  L 

cn 

Selection  of  such  a  nozzle  from  the  families  of 


cb  «p 

hortened 


const 
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contours  is  performed  analogously  to  previous  cases.  Point  or 
contact  of  straight  line  L  =  const  with  line  =  const  determines 

C  0  r 

n 

the  required  nozzle  (line  DE,  point  O').  Other  nozzles  or  the  same 

length,  but  with  larger  or  smaller  quantity  f  ,  have  larpe  pulse 

losses:  in  the  first  case  dispersion  losses,  which  are  not  compensated 

by  increase  of  f  strongly  increase,  in  the  second  -  pulse  drops 

c 

as  a  result  of  decrease  of  f  . 

c 

Above,  only  certain  limitations,  being  imposed  on  selection  of 
the  nozzle  have  been  examined,  in  this  case  the  equivalent  of  weight 
of  the  nozzle  with  respect  to  thrust  was  not  considered.  Combined 
limitations  are  possible  in  principle  when,  for  example  quantities 
f„  and  E  are  assigned.  In  all  cases  of  selection  of  nozzles 

C  CB  _ 

quantities  n  ,  f  or  L  must  be  designated  with  allowance  for 
the  effect  of  external  conditions  and  weight  of  the  nozzle,  in  this 
case  role  of  the  latter  is  determined  on  the  basis  of  ballistic 
calculations  of  the  flight,  rajectory. 
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CHAPTER  XIII 

TWO- PHASE  PLOW  IN  A  NOZZLE 

In  the  chapter  are  examined  questions  of  flow  of  two-phase 
combustion  products  In  a  nozzle.  Possible  amounts  of  losses  of 
specific  thrust  and  method  of  calculation  of  nonequilibrium  two-phase 
flows  is  given  with  allowance  for  the  possibility  of  collision  and 
fusion  of  liquid  particles  of  metal  oxides. 

13-1*  Basic  Features 

Combustion  products  of  metallized  propellants  in  most  cases 
contain  a  considerable  quantity  of  condensed  metal  oxides. 

Two  cases  should  be  sepirated:  the  first,  when  pressure  of 
vapors  of  oxide  at  the  combustion  temperature  is  insignificantly  low, 
and  second,  when  it  comprises  a  noticeable  amount  relative  to 
overall  pressure.  In  the  first  case  the  gas  contains  an  insignificant 
quantity  of  metal  oxide,  condensation  is  accomplished  during 
combustion  and  condensation  can  not  be  considered  in  the  process  of 
expansion.  Examples  of  such  propellants  are  fuels  with  the  additions 
of  metals  Al,  Be,  Mg,  oxides  of  which  A^O^,  BeO,  MgO  have  low 
pressure  of  saturated  vapors.  Weight  fraction  of  these  condensed 
products  during  expansion,  as  a  rule,  is  changed  insignificantly. 
Another  type  of  propellant  is,  for  example,  +  H202.  In  the 

combustion  chamber  boric  oxide  can  be  entirely  in  gas  phase 

and  precipitate  into  condensate,  with  lowering  of  temperature  in 
the  nozzle. 
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In  the  first  case  the  characteristic  process  of  interaction 
between  gas  and  condensed  phases  in  the  nozzle  is  acceleration  of 
particles  and  their  cooling  -  transmission  of  heat  to  gas.  In  the 
second  case  there  is  added  another  process  of  condensation  of  oxide 
vapors. 

Assumptions  about  equilibrium  acceleration,  heat  exchange  and 
condensation  with  expansion  of  combustion  products  in  the  nozzle, 
accepted  in  thermodynamic  calculation,  are  approximate  and  are  needed 
in  refinement  for  conversion  to  real  characteristics  of  the  engine. 

Basic  Characteristics  of  Condensate 

For  examination  of  the  interaction  between  gas  and  condensate 
we  must  know  the  basic  characteristics  of  both  phases.  Earlier 
(Chapter  VII)  were  determined  thermodynamic  and  thermo  gas-dynamic 
properties  of  gaseous  products;  from  reference  books  the  thermodynamic 
properties  of  the  most  important  solid  and  liquid  metal  oxides  are 
known.  Such  properties  as  density,  coefficient  of  viscosity  and 
surface  tension  have  been  studied  less.  For  certain  oxides  these 
data  are  listed  on  Table  13.1. 


Table  13-1.  Physical  properties  of  certain 
oxides . 


Qxida 

7-n/K 

Density 

{•1(H 

Coefficients 

Heat  of 
melting 
kJ/k.; 

solid 

j  liquid 

5  N»  s  /nF 

1  N/m 

Ai2o3 

2303 

3.90 

^  3,05 

0,06 

0,7 

1149,7 

HpO 

2820 

3,01 

2,55 

- 

0,3 

2845,3 

.MjjO 

3075 

3,58 

— 

— 

1920,8 

B3O.1 

723 

1,82 

1.7 

0,50 

(2100°  K) 

0,11 

(2100’K) 

330,63 

!•' jO 

1700 

j  2.013 

1  - 

— 

- 

1639,3 

Note:  Properties  of  solid  oxides  are  given 

at  normal  temperature,  liquid  -  at 
the  melting  point. 

[Translator's  Note:  subscript  nn  =  meltinr]. 
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The  combustion  temperature  of  propellants,  as  a  rule,  is  higher 
than  the  melting  point  of  oxides,  therefore,  liquid  particles  under 
the  action  of  forces  of  surface  tension  assume  a  spherical  shape. 

The  most  important  characteristic  of  condensed  phase,  which 
we  will  also  call  disperse  phase,  is  the  size  of  its  component 
particles.  We  distinguish  mono  and  polydisperse  systems.  The  first 
includes  those  which  consist  of  particles  of  identical  size;  their 
obtaining  is  a  difficult  technical  problem. 

The  particles,  which  form  during  combustion  of  metallized 
propellants,  will  form  a  polydisperse  system,  i.e.,  have  different 
sizes.  The  complete  picture  of  dispersity  is  characterized  by 
distribution  curve  of  mass  of  disperse  phase  according  to  sizes  of 
particles,  example  of  which  is  listed  on  Fig.  13. 1. 


Fig.  13-1.  Function  of 
distribution  density. 


f 


On  this  curve  along  the  axis  of  abscissa  are  plotted  values  of 
radii  (or  diameters)  of  particles  from  the  smallest  to  the  biggest, 
and  along  the  axis  of  ordinates  -  so-called  function  of  density  of 
distribution 


*(r)==F^’ 

Afg  At 


where  MQ  -  overall  mass  of  all  particles;  AM  -  mass  of  their  narrow 
fraction  in  the  size  range  from  r  to  r  +  Ar. 


Polydisperse  condensate  can  be  characterized  by  average  sizes 
of  particles.  Among  them  the  most  important  In  our  case  is  average 
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weight  radius1 

r,m~^  R(r)rdr.  (13.1) 

o 

Here  0  and  ®  conditionally  designate  the  minimum  and  maximum 
sizes  of  particles.  According  to  experimental  data  the  combustion 
products  contain  particles  with  radius  from  fractions  of  a  micron 
to  tens  of  microns.  During  combustion  of  blended  solid  propellants 
with  aluminum  and  beryllium  additives  particles  of  oxides  with  radius 
rzm  =  0.5-2  urn  will  be  formed  [12].  Behind  the  nozzle  section, 
according  to  experimental  data,  particles  are  coarser  and  their  sizes 
reach  rzm  =  5-8  pm. 

Characteristics  of  Motion  of  Two-Phase  Mixture 

in  a  Nozzle 

Gas  is  accelerated  in  the  nozzle  as  a  result  of  pressure  gradient, 
affecting  the  volume  of  gas.  Particles  can  accelerate  only  under 
the  action  of  aerodynamic  forces,  which  appear  with  gas  blowing 
them,  i.e.,  in  order  to  accelerate,  they  inevitably  must  move 
slower,  lagging  behind  gas.  Analogously  the  heat  of  particles  can 
be  transferred  to  gas  only  in  the  presence  of  a  temperature  difference. 
Both  these  processes  are  nonequilibrium,  are  accompanied  by  energy 
dissipation  in  the  process  of  exchange  between  phases,  entropy  of 
the  mixture  increases  and  the  process  of  expansion  seems  less  effective 
in  comparison  with  equilibrium  case.  In  this  case  the  greater  the 
losses  the  greater  the  delay  of  particles  with  respect  to  velocity 
and  temperature. 

Let  us  examine  which  factors  in  the  simplest  case  determine 
the  lag  of  particles. 


JIn  this  chapter  the  following  system  of  designations  is  used: 
quantities  pertaining  to  the  entire  condensate  have  index  "z,"  to 
i-th  fraction  -  "i,"  to  a  separately  considered  particle  -  "p." 
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Force,  affecting  the  particle  of  mass  m  in  the  flow  of 
accelerating  gas,  is  equal  to  the  product  of  mass  of  the  particle 

by  its  acceleration: 


m 


(im9  1 


d  t 


Cx*rl  \w,-w.\(w,-wMr 


(13.2) 


In  accordance  with  Stokes  law,  at  small  Reynolds  numbers 


?rr[w,-wp  je, 
Rep= - — 


the  drag  coefficient  is  equal  to 


Rep 

Then,  by  substituting  in  equation  (13.2)  we  obtain 


w~wp=^r 


2  .  _2  riwp 


"  p  rft  • 


(13.3) 


The  obtained  equation  allows  revealing  the  effect  of  basic 
factors,  which  determine  losses  of  specific  thrust  because  of 
high-speed  lag  of  particles. 

Average  velocity  of  motion  of  a  two-phase  mixture  w  can  be 
written  so: 


w^wpz+w,(\~z)=w,-(wl-wl))z.  (13.4) 

Quantity  w  is  lowered  with  Increase  in  lag  of  condensate.  If 

we  do  not  consider  the  change  in  gas  velocity,  lowering  of  w  is 

proportional  to  the  square  of  radius  of  particles  and  to  acceleration 

dWp/dt.  In  order  to  explain  the  role  of  acceleration,  let  us  note 

that  comparatively  small  lags  of  particles  are  discussed,  then 

acceleration  of  condensate  in  the  nozzle  is  a  quantity  close  to 

acceleration  of  gas.  If  some  average  velocity  in  the  nozzle  is 

equal  to  w  ,  then  the  time  of  stay  in  the  nozzle  with  length  L 
cp  c 

comprises 
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[Translator's  Note:  cp  =  average.] 


hence  acceleration  in  order  of  quantity 


dttp 

dx 


dw, 

dx 


"c 


Inasmuch  as  wc  and  wcp  approximately  do  not  depend  on  the  size  of 
the  nozzle,  it  is  evident  that  acceleration  is  inversely  proportional 


to  the  length  of  the  nozzle, 
similar  geometrically  and  L 


Since  all  nozzles  are  approximately 


^  d  ,  the  greater  d  ,  is  the  less 

C  Hp  Kp 

acceleration  and  the  less  the  lag  of  particles.  Now  it  is  possible 
to  write 


*,-«V 


Op  rl 


ai  </, 


m- 


(13.  5) 


The  completed  analysis  is  rough,  but  it  correctly  reveals  basic 
regularities.  From  equations  (13-^)  and  (13-5)  it  follows 
qualitatively  that  losses  of  specific  thrust  because  of  high-speed 
lag  of  particlea^increase  so: 

with  increase  of  weight  fractions  of  condensate  -  linearly; 

with  increase  in  the  sizes  of  particles  -  proportional  to  square 
of  radius  of  particles; 

with  decrease  in  the  diameter  of  nozzle  thrust  -  inversely 
proportional  to  diameter. 

It  is  possible  to  show  that  temperature  lag  of  parti  j±es  i 
determined  by  these  factors  in  the  same  proportionality. 


13.2.  Thermodynamic  Estimation  of  Maximum 
Possible  Losses 
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examine  limiting  cases  of  high-speed  and  temperature  lag  of  condensate. 

Total  Equilibrium  with  Respect  to  Velocity  and 
The  Absence  of  Heat  Exchange 
Between  Phases 

With  equilibrium  expansion  the  outflow  velocity  is  determined 
by  formula 

where  Al  ■  I  -  I  -  drop  of  enthalpy  in  J/kg.  In  the  absence  of 
heat  exchange  between  phases  the  temperature  and  enthalpy  of  condensate 
remain  constant,  due  to  which  the  enthalpy  of  1  kg  of  working 
substance  is  diminished  to  quantity 

W  ,**=z(/n  /«)■ 

Here  I  ,  I  -  enthalpy  of  condensate  at  the  combustion  chamber 

Z  N  Z  C 

exit  and  the  nozzle  section  during  equilibrium  expansion. 

At  the  same  time,  with  the  absence  of  heat  supply  from  partial 
the  temperature  of  gas  at  the  nozzle  section  is  lowered,  i.e.,  d 
of  enthalpy  of  gas  phase  Increases.  This  increase  can  be  evaluates 
in  the  following  manner. 

In  the  absence  of  heat  exchange  between  phases  and  total 
equilibrium  with  respect  to  velocity  the  process  of  expansion  is 
lsentropic.  The  entropy  of  1  kg  of  gas  phase  in  this  instance  will 
be  less  than  the  entropy  of  gas  at  the  nozzle  section  in  case  of 
equilibrium  expansion  to  quantity 

S5'==fI7(s"-s*')' 

where  s_  ,  s  -  entropy  of  condensate  in  the  combustion  chamber 

Z  K  Z  C 

and  at  the  nozzle  section  with  equilibrium  expansion. 
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Hence  a  decrease  of  enthalpy  of  1  kg  of  gas  at  the  nozzle  section 
with  expansion  to  the  same  pressure  p  ,  which  is  also  in  equilibrium 
case,  approximately  comprises 

where  Tc  -  equilibrium  temperature  at  the  nozzle  section. 

Then  the  overall  drop  of  enthalpy  of  1  kg  of  working  substance 
during  expansion  with  temperature  nonequilibrium  will  be  equal  to 

a/„p  t  a/  —  z(l ,  *  —  /,  c)  -j-  zT c  — s4c). 

In  accordance  with  the  accepted  model  of  calculation  the  temperature 
of  condensate  in  the  process  of  expansion  does  not  change;  consequently, 
if  the  thermal  capacity  of  liquid  phase  c  is  considered  constant: 

sn~Si<~  (hi  T ,  In  Tt). 


is 


Then 


•i/*p  r  ZCt  _  _ 

^r=1 


T'M\\ 


and  specific  thrust  coefficient,  considering  temperature  nonequilibrium, 
comprises 


(13.6) 


Let  us  consider  for  example  a  typical  blended  solid  propellant, 
consisting  of  70 %  NH^CIO^,  20 %  binder  (polyester)  and  10%  Al.  When 
p  *  40  and  p  =  1  bar  the  propellant  has  the  following  equilibrium 

H  C 

thermodynamic  characteristics : 

r.,=3220°K,  rc  =  2050°  K.  uv  =  2445  m/s,  *  =  0,19. 


♦ 
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Thermal  capacity  of  aluminum  oxide  comprise*:;  «  •  Hi.’o  j/kg.cjt ?g. 

Dy  substituting  these  quantities  In  formula  (lj.6)  w**  obtain 

♦np  T  "  °*988, 

Thus,  maximum  loss  of  outflow  velocity,  caused  by  temperature 
nonequilibrium,  under  characteristic  conditions  for  solid  propellants 
comprises  a  quantity  on  the  order  of  one  percent. 

Total  High-Speed  Nonequi librium  at  Equilibrium 

Heat  Exchange 

The  considered  model  is  conditional.  In  this  Instance  the  gas 
does  not  Interact  with  particles  mechanically,  does  not  perform  works 
with  respect  to  their  acceleration  in  the  nozzle.  Therefore,  kinetic 
energy  of  particles  can  be  disregarded,  however,  the  weight  content 
of  condensate  in  combustion  products  (flow  rate)  In  this  case 
remains  constant. 

By  assuming  in  the  first  approximation  that  the  temperature  at 
the  nozzle  section  does  not  change  while  maintaining  a  pressure  ratio, 
we  obtain  that  the  gas  velocity  must  be  Increased,  3ince  the  entire 
drop  of  enthalpy  Is  expended  on  acceleration  only  of  gas: 

(13,7) 

Here  •,  -  gas  velocity  with  total  high-speed  nonequilibrium 

However,  the  average  outflow  velocity,  determined  by  formula 
( 13 - ^ ) »  is  decreased,  since  w  ■  0.  On  the  basis  of  formulas  (13-^) 
and  (13.7)  it  will  comprise 

“’hP — ( I  -‘la-,*,  roll”. 

Specific  thrust  coefficient,  considering  high-speed  nonequilibrium, 
when  wz  %  0  will  be  equal  to 
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r  'it.  i'trill  VilU'-ii  of  z  (If:',;'  'lit:.  O.i'-O.j): 

• '  i —  ,,  *•  n  i,  i ) 

For  thf  example  considered  above  the  quantity  of  losses,  us 
can  he  seen  from  expression  ( 1- .  H ) ,  comprises  about  10J. 

Thus,  the  effect  of  high-speed  noriequi  librium  Is  considerably 
more  than  temperature ,  and  the  amount  of  poss.ble  losses  of  specific 
thrust  la  very  considerable. 


High-speed  nonequl 1 lbl rum  is  reflected  also  on  the  flow  rate  of 
working  medium  through  the  nozzle. 


For  determination  of  flow  rate  of  two-phase  substance  with  total 
high-speed  nonequilibrium  known  formula  (9-16)  can  be  used: 


U  =--  A  ( n ) 


K^_ 
i  *j: 


Here  A(n)  -  function  of  mean  isentropic  index,  change  of  which  as 
a  result  of  nonequilibrium  is  net  considered. 


With  assigned  parameters  of  working  substance  at  the  nozzle 
inlet  (p  *  and  f  *)  and  constants  F„  and  A(n)  the  flow  rate  Is  a 

K  K  ’ip 

function  of  gas  constant,  which  Jepends  on  the  character  of  the 
expansion  process.  With  equilibrium  expansion  the  gas  constant 
of  the  mixture  is  equal  to 


and  the  flow  rate 


With  total  high-speed  nonequilibrium  the  gaa  In  expanded  without 
aotion  on  the  part  of  condensate  (thermal  effect  1b  disregarded) , 
as  pure  gas,  and  its  flow  rate  is  equal  to 

c'«“ 

Inasmuch  as  the  relative  content  of  condensate  in  gas  in  this 
case  is  retained,  the  total  flow  rate  of  working  substance  comprises 


771777s 


Relationship  of  flow  rates  at  assigned  nozzle  inlet  pressure 
in  cases  of  total  high-speed  equilibrium  and  limiting  high-speed 
nonequl librium  is  equal  to 


Thus,  high-speed  lag  of  particles  from  gas  in  the  nozzle  can 
lead  to  considerable  increase  in  the  flow  rate  in  comparison  with 
equilibrium,  all  things  being  equal.  It  is  interesting  that  the 
flow  rate  increases  in  the  same  degree  in  which  the  average  outflow 
velocity  Is  lowered. 


13.3.  Nonequl librium  Expansion  of 
Two-Phase  Flow 

Experimental  data  attest  to  the  considerable  increase  of  losses 
of  specific  thrust  in  (PATT)  [RDTT  -  solid-propellant  rocket  engine] 
operating  on  aluminized  propellant  in  comparison  with  RDTT  operating 
on  propellants  without  metal.  The  quantity  of  these  additional 
losses  can  reach  several  percent. 

The  analysis  given  above  shows  that  "two-phase"  losses  can  be 
the  basic  reason  for  deterioration  of  the  degree  of  perfection  of 
the  process  in  the  engine.  In  connection  with  this,  in  recent  years 
abroad  considerable  attention  has  been  given  to  determination  of 
such  losses  [<?]• 
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Below  la  examined  the  method  of  calculation  of  nonoqul librium 
two-phuse  flow  In  a  rocket  engine  nozzle  [8j. 

Aa  obvloualy  follows  from  t  13.1  the  quantity  of  lag  of  particles 
from  gas  la  determined  to  a  decisive  degree  by  their  size.  Calculations 
show  that  particles  with  diameter  less  than  a  micron  under  typical 
conditions  of  natural  engines  have  velocity  close  to  the  velocity  of 
gas,  and  coarse  particles  move  with  considerable  lag.  Ultimately, 
for  example,  the  velocity  of  motion  of  purticles  1  and  10  urn  in  size 
relative  to  each  other  can  comprise  several  hundred  m/s.  As  a 
result  of  the  relative  motion  of  particles  of  different  fractions 
collisions  can  occur  between  them,  and  In  the  case  of  liquid 
particles  -  fusion  and  coarsening  of  drops.  This  phenomenon  must 
be  taken  Into  account  during  calculation  of  two-phase  flow. 

With  description  of  processes  the  following  assumptions  are 
taken. 

Flow  is  adiabatic,  Insulated  with  respect  to  mass,  one- 
dlmenslonal  and  stationary;  during  expansion  the  weight  fraction, 
composition  and  thermal  capacity  of  gas  and  condensate  are  constant; 
px*essure,  caused  by  Brownian  movement  of  particles,  is  negligible; 
the  temperature  of  condensate  particle  is  identical  over  its  entire 
volume;  the  volume  of  condensate  is  negligible;  heat  exchange  between 
particles  and  ga3  is  only  convective;  viscosity  and  thermal 
conductivity  of  gas  are  manifested  only  during  interaction  with 
particles  and  are  functions  of  temperature;  particle  concentration 
Is  rather  small,  which  allows  considering  them  independent  during 
Interaction  with  gas  and  not  considering  the  simultaneous  collision 
of  three  and  moxe  particles. 

It  is  assumed  that  distribution  of  particles  according  to  their 
masses  is  determined  by  normalized  mass  function  of  the  density  of 
distribution  g(m) : 


\ 1, 

A 

Glg(m)dm, 
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where  m  -  maou  of  particle,  0  and  <i(J ( m )  -  flow  raLt*  of  entire 

N 

condenanie  and  particles  of  fraction  m. 

Limits  of  Integration  0  and  -  conditionally  designate  minimum 
and  maximum  masses  of  particles,  being  considered  In  calculation. 

As  initial  data  there  are  prescribed  characteristics  and 
properties  of  gas  and  condensate,  distribution  of  particles  according 
to  sizes  at  the  nozzle  Inlet  and  also  nozzle  profile. 
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During  calculation  of  nonequilibrium  flow  in  a  nozzle  of 
prescribed  contour  in  the  region  of  the  throat  where  the  gas 
velocity  is  equal  to  the  local  speed  of  sound  in  gas  (number  M  ■  1), 
a  specific  point  is  encountered:  derivatives  necessary  for  numerical 
integration  must  be  calculated  by  a  formula  of  type 

A 

dx  ~  M  -  I  ’ 


where  A  -  some  function. 

For  passing  through  point  M  ■  1  it  is  necessary  to  specifically 
select  Initial  data,  in  order  that  the  numerator  would  become  zero 
simultaneously  with  the  denominator:  A(x)  -  0  and  M  ■  1.  This  is 
a  very  laborious  procedure. 

It  Is  expedient  to  solve  so-called  ’’inverse"  problem.  In  the 
prescribed  nozzle  contour  equilibrium  flow  of  two-phase  mixture  is 
considered  and  the  relationship  is  determined,  for  example,  of  the 

density  of  gas  to  coordinate  along  the  axis  of  the  nozzle  -  p2(x). 

Other  parameters  can  be  used  also,  such  as  pressure  p(x),  velocity  - 
w,  ( x )  ,  etc . 

For  the  found  density  distribution  there  is  considered  non- 
equilibrium  flow:  along  axis  x  all  parameters  of  gas  and  particles 
are  determined.  In  this  instance,  as  we  shall  see  below,  a  specific 

point  does  not  appear.  By  knowing  in  each  section  the  flow  rate 

(equal  to  equilibrium),  the  velocity  and  density  of  gas,  we  can  fine 
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In  thin  no/, /.if  i  trmnt.'iorn  of  nonequl  1  lb  rl  uni  flow  are  kn  wn. 

(Julculatl on  of  equilibrium  Clow  In  the*  obtained  no/./, I <•  and  compnrl non 
of  Its  paramo tern  with  nonequilibrium  gives  the  possibility  of 
determining  losuo.i  u f  specific  ihruut. 

Thun,  we  will  solve  "Inverse”  problem  of  nonequilibrium  flow, 
from  the  beginning  without  allowing  for  collisions  and  fusion  of 
particles  (without  allowing  for  coagulation). 


With  the  used  assumptions  relative  to  properties  of  gas  and 
condensate  equilibrium  two-phase  flow  can  be  calculated  by  usual 
gas-dynamic  relationships. 


For  description  of  nonequilibrium  flow  the  entire  range  of  the 
ma3s  of  particles  is  decomposed  into  n  parts  so  that  parameters  of 
particles  with  masses,  intermediate  between  selected  m1  (1  *  1,  2, 
....  n),  could  be  determined  by  Interpolation. 


Let  us  write  equations  of  motion  and  heat  exchange  of  particles 
with  mass  m^  In  the  following  form: 


,,  p,  (i»»  —  w/)  Iwj  —  w/l  nd] 

m, —  =G., - - 

1  rfi  2  4 


m,~jx  ~  aAT{  — 


where  ,  T^,  1^  -  velocity,  diameter,  temperature,  and  also 

specific  enthalpy  (on  1  kg)  of  particle  of  mass  ;  Cxi ,  - 

coefficients  of  resistance  and  heat  output  for  this  particle. 

By  changing  to  derivative  with  respect  to  x  and  taking  into  account 
that 


m‘  ~'  -6- 

d/i  ct<iT„ 


we  finally  obtain 


<ix  4 

£±  _8a<(T>-r<) 

<!x  W/rf/O^i 


-  *'/)!»,  -  v/| 


(13.9) 


(13.10) 


Coefflolenta  of  resistance  and  heat  exchange  can  be  determined 
by  relationships,  considering  the  effect  of  inertial  forces  and 
rarefaction,  when  the  length  of  free  path  of  molecules  becomes 
commensurate  with  the  size  of  the  particle. 


Resistance  coefficient 


c  _ _ Cj,  _ 

"  1+0.191^^,' 

C°,=~  —  4-0  4‘» 

"  Re,  ‘  ’ 


where  Re,  — -  Reynolds  number,  M,  =  ~ — — 
n»  a 


(13.11) 


-  Mach  number. 


Heat  output  coefficient 


volui 


is  a 
tion 


where  Nu^  -  Nusselt  number,  determined  by  formula: 


or,  i 


Nu,  = - — i - 

,+a’«sSrN"? 

NuJ= 2  4-0,46  Re,ow  Pr033. 

Here  Pr  -  Prandtl  number  of  gas  phase. 


(13.12) 


voluri 


Quantities  designated  by  index  "0"  above  are  determined  with 
allowance  for  forces  of  viscosity  and  inertial  forces,  without  the 
index  -  with  allowance  for  even  rarefaction. 

Continuity  equation  for  gas  is  written  so: 


Q,w.r  =(1  —z)(i. 


For  condensate  let  us  introduce  function  p(m),  defining  the 
muss  of  particles  of  fraction  m  lri  u  unit  of  volume  is  the  product 
p(m)dm.  From  equation  of  continuity  for  particles  of  fraction  m 


Equation  of  conoervation  of  energy  o'  the  mixture  if  obtained 
from  the  condition  that  energy,  being  carried  through  any  section 
of  the  nozzle,  remains  constant  with  respect  to  x,  i.e., 

j  M 

q,w,F  ^ 4.  j  -j-  f  J  «{m) » ( m)  J/  (m) +  j  dm  =»  const . 

Let  us  divide  the  last  equation  by  constant  and  substitute 

the  value  of  p(m)  from  equation  (13.13).  During  differentiation 
with  respect  to  x  we  obtain  in  final  form: 

o-«(«.S+--S)+*j[*a£,+ 

-4-  w  ( m)  — — -  ]g(m)dm  -  0 

'  '  '  ^  (13-15) 

Let  us  write  equation  of  state  of  gas  of  constant  composition 
(fi,  -const) 


o7>* 


in  differential  form 


/ 

J_  fy. _ l_  dT^ _ 1  d°»  — Q 

p  dx  T,  dx  p,  dx 


(13.16) 


System  of  equations  (13-9),  (13.10),  (13* 1*0- ( 13. 16)  is  supple¬ 
mented  by  the  known  relationship 


0, -/(*). 


(13.17) 


Let  us  introduce  designations: 
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Thun  equation:*  ( 13.  I  f0- ( -l  j.  1(> )  take  the  form: 


•!F<  4.  'If. 
1 I  V  dx 


~K> 


>1»>  ,  >tT, 
'  "dx  ax 


:  .//>  _  i  <tr, 

p  ilx  T,  dx 


e 


(13.18) 


Thus,  for  determination  of  2n  +  3  unknowns  (w^  ,  ,  w,,  Ttt  p) 

we  have  2n  +  3  equations. 

Having  solved  system  of  equations  (13.18)  relative  to  derivatives, 
we  obtain  expressions  for  them  in  evident  form 


dX 


» I  _t  >V>i 
CpT,  p 


‘U  ;  _K,_ 
dx  Cp 

tt-r-Ky 


_V, 

cp 

-U,w 


dw, 
dx 
dW, 
‘  dX 


(13.19) 


Calculation  of  parameters  of  nonequilibrium  two-phase  flow  is 
accomplished  in  such  a  sequence. 

It  is  assumed  that  in  the  combustion  chamber  In  section  x  with 

H 

a  rather  large  relative  area  (and,  accordingly,  low  velocity)  the 
gas  and  condensate  are  in  equilibrium  and  from  this  condition  there 
are  determined  Initial  data  -  values  of  unknown  parameters.  Flow 
rate  of  the  mixture  and  n,  =/(*)  are  determined  during  calculation 
of  equilibrium  flow  in  a  nozzle  of  prescribed  profile. 

larameters  of  nonequilibrium  flow  in  section  x  +  ax  are  deter- 
mined  by  numerical  Integration  of  equations  (13. 9),  (13.10)  and 
(13.19).  After  w^,  ,  and  is,  ,  are  determined  as  a  result  of  fulfill¬ 

ment  of  the  integration  step  in  section  x  +  Ax,  gas  temperature  is 

K 
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more  accurately  and  simply  calculated  by  finite  relationship,  obtained 
from  equation  of  energy  in  integral  fora: 

r'=7'«-i{-T+rr7|h7'<”,)-c'r-+ 

It  is  expedient  to  determine  the  pressure  in  this  case  from  equation 
of  state. 

Area  of  the  nozzle  after  each  integration  step  is  found  from 
equation  of  nonequilibrium  by  known  parameters  and  flow  rate  of 
gas.  Repetition  of  the  described  procedure  gives  values  of  parameters 
of  nonequilibrium  flow  along  the  entire  nozzle.  The  shown  calculation 
is  rather  laborious  and  is  done  on  an  electronic  computer. 

13.4.  Coagulation  of  Particles  of  Condensate 
in  the  Nozzle 

Estimation  of  the  Possible  Role  of 
Collisions  of  Particles 

As  was  noted  earlier,  particles  of  different  sizes  move  in  the 
nozzle,  at  different  velocity.  Figure  13.2  shows  typical  results  of 
calculation  of  high-speed  lag  of  particles  from  gas,  obtained  by  the 
methods  given  in  the  previous  paragraph  for  conditions:  z  =  0.32, 
d,  ■  100  mm  and  p  *  40  bar.  The  nozzle  profile  is  shown  or.  this 
figure.  It  Is  evident  that  tne  maximum  difference  of  velocities  of 
gas  and  condensate  t*kes  place  after  the  nozzle  throat  and  for 
particles  10-20  ym  in  diameter  ecnprises  several  hundred  meters  per 
second.  Let  us  note  that  at  such  velocities  of  blowing  of  drops, 
their  deformation  and  splitting  are  possible. 
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Fig.  13.2.  High-speed  lag  of  particles 
of  various  sizes  in  the  nozzle. 


The  velocity  of  motion  of  particles  relative  to  each  other 
also  reaches  considerable  quantities.  Thus,  in  the  region  of  the 
throat  and  downstream  the  difference  of  velocities  of  particles  of 
unequal  sizes  comprises  about  250  m/s  for  drops  1  and  5  in  diameter 
and  reaches  500-700  m/s  for  particles  1  and  10-20  pm  in  diameter. 

In  order  to  clearly  represent  the  possible  role  of  the  process 
of  collision  of  particles,  let  us  examine  such  a  typical  case.  In 
the  throat  region  of  the  nozzle  the  density  of  condensate  pz,  i.e., 
mass  of  particles  in  a  unit  of  volume,  comprises  a  quantity  of  the 
order  of  M).  5-1.0  kg/m3.  Let  us  assume  chat  condensate  consists  of 
two  fractions  having  diameters  dpi  =  2  pm  and  5  weight  fractions 
of  which  relative  to  condensate  comprise  0.8  and  0.2,  respectively. 

Having  made  use  of  the  obvious  formula  for  the  number  of 
particles  in  a  unit  of  volume 

Q;i 

n ,  —  —  —  - — ; , 

™piQp 

q  3 

in  the  considered  case  when  p  =  1.0  and  p  ■  2.4*10  kg/m  we  obtain 

z  P 

the  following  quantities: 

q 

n,=0,8  1014  and  «2=  1.2 •  1012  particles/m. 

The  velocity  relative  to  motion  of  fractions  comprises  about 
200  m/s  according  to  data  of  Fig.  13*2.  Each  particle  wi^h  diameter 
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5  ym,  moving  relative  to  two-micron,  in  a  unit  of  time  should  encounter 
those  of  them  which  are  contained  in  volume 


H®pi  -  ®Pzl n  (r<.i  +  rp2)2* 


(13.20) 


i.e.,  with  n^V’  particles. 


Diagram  of  this  process  is  shown  on  Fig.  13.3. 


Fig.  13.3.  For  calculation  of 
the  number  of  collisions  of 
particles . 


Substitution  of  numerical  values  gives  the  quantity  of  collisions 
of  one  five-micron  drop  with  two-micron: 

n,V'  =  2. 1(F. 3,1473$ •  1(H)* -0,8"  HH*=0,6. 10*  s_1. 


Let  us  roughly  estimate  the  number  of  collisions  of  one  drop 
during  the  time  of  passing  a  path  with  length  on  the  order  of  the 

throat  diameter  in  the  throat  region.  Assuming  that  velocity 

3  -1 

wz2  ^  10  m/s,  then  the  time  of  passage  of  path  L  ®  10  m  is 


1  — 


1(H 


S  . 


In  this  time  there  will  occur 


N  =  ri\  V"t=0,6  10*=60  collisions. 


Thus,  a  rough  estimation  shows  that  a  five-micron  drop  during 
the  time  of  passage  of  the  throat  region  will  encounter  approximately 
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60  two-micron.  If  each  encounter  leads  to  fusion,  then  the  mass  of 
the  particle  will  increase  to 


j  j— 3,84w>, 

3 - 

i.e.,  increases  almost  4  times,  and  the  diameter  increases  v  3,84  « 1,6 
times  and  reaches  approximately  8  um.  The  relationship  of  weight 
fractions  of  particles  of  both  fractions  is  changed  even  more 
substantially . 

However,  the  assumption  about  fusion  of  drops  with  every 
encounter  is  not  always  valid.  During  collisions  with  high  velocities, 
obviously  some  of  the  encounters,  close  to  the  tangent,  will  not 
lead  to  fusion.  Results  of  investigation  of  the  process  of 
collisions,  deformation,  splitting  of  drop  by  gas  flow  under  various 
conditions  of  blowing  are  contained  in  special  literature.  For 
quantitative  evaluation  of  the  role  of  these  processes  reliable 
data  are  necessary  about  the  physical  properties  of  liquid  oxides 
of  metals. 


mn=  m0 


1  1-60 


Equations  for  Calculation  of  Coagulation  of 
Particles  in  the  Nozzle 

Let  us  introduce  function  n(m)  -  calculating  distribution 
density  of  particles  along  masses,  determining  the  number  of 
particles  of  fraction  m  in  a  unit  of  volume.  In  accordance 
with  expression  (13.13) 


mm) 


V  ("0 
m 


mtr  (m) 


gin). 


(13.21) 


As  before,  we  will  consider  the  particle  trajectories  during 
approach  rectilinear  and  each  collision  effective,  i.e.,  leading 
to  fusion.  Then  each  particle  of  fraction  m^  during  time  dx  will 
encounter  those  particles  of  fraction  m,  which  are  contained  in 
volume  V',  determined  by  an  equation  analogous  to  equation  (13.20). 
The  number  of  these  particles  of  fraction  m  comprises 


Evaluations  show  that  in  all  cases  of  interest  it  is  sufficient  to 
consider  only  two-body  collisions  of  particles. 

Let  us  introduce  a  designation  for  coagulation  constant 

K(mh  m)=-.-y[d(m)  +  d,\'2\w(m)-wl\.  (13.22) 

The  physical  meaning  of  the  introduced  quantity  -  amount  of 
collisions  occurring  in  a  unit  of  time  between  particles  and  m 
with  their  concentration  along  one  particle  in  a  unit  of  volume. 

All  particles  of  fraction  during  time  dx  will  encounter 

K(tnit  m)n(m{)n(m)dniidtndT 

particles  of  fraction  m.  However,  after  the  collision  the  mass 
of  particle  m.  increases  and  it  leaves  fraction  .  By  integrating 
with  respect  to  m  from  0  to  °°,  we  obtain  the  expression  for  rate  of 
decrease  in  the  concentration  of  particles  of  fraction  m^  because 
of  collisions  with  all  the  remaining  particles 

r  d  f 

[— /itm'Jdm,  J  ^  —  n(m,)dm,  J K(mh  m)n(m)dm.  (13*23) 

o 

With  fusion  of  two  particles  there  is  formed  a  new,  coarser, 
m'  ■  +  m,  entering  fraction  m* .  If  we  continue  to  consider 

fraction  m^,  the  particles  of  this  mass  will  be  formed  with  fusion 
of  two  finer  ones,  having  masses  m  and  m^  -  m. 

Just  as  before,  examination  gives  such  an  expression  for  increase 
of  the  number  of  particles  of  fraction  due  to  this  process: 

\~n(m,)dm,  ]  — 

"//* 

—  dm,  f  K{m,  m,  —  m)n(m)n(m,~  m)dm.  (13.24) 
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By  summing  expressions  (13.23)  and  (13.24)  and  changing  to 
derivative  of  x,  we  obtain  integral-differential  equation  for  change 
of  function  n(m)  as  a  result  of  fusions  of  particles: 

—  j  K(mh  m)n(m)dm-\- 

o 

m(/2 

+  ~  j"  K (m,  —  —  m)dm.  25) 

Numerical  solution  for  n  selection  fractions  n  of  equations 
(13-25)  together  with  ( 2n  +  3)  equations,  examined  in  the  previous 
paragraph,  gives  the  possibility  of  determining  all  the  necessary 
parameters  of  gas  and  particles  in  the  nozzle  under  assigned  inlet 
conditions . 

Let  us  note  that  as  a  result  of  fusion  of  two  particles,  the 
reformed,  coarser  one  will  have  a  higher  velocity  and  lower 
temperature  than  particles  of  its  size  (mass),  but  "older  age"  for 
example,  moving  the  nozzle  inlet.  Thus,  for  instance,  when  a 
particle  5  pm  in  diameter  is  formed  as  a  result  of  fusion  of  two 
particles  with  diameters  approximately  3  and  4.5  pm,  then  its 
velocity  can  be  found  from  condition  of  conservation  of  momentum 

53k'3^-  31tt',  +  4153a>2. 

If  we  use  the  data  of  Fig.  13.2  then  It  turns  out  to  be  approximately 
40  m/s  higher  than  the  velocity  of  basic  fraction  d  *  5  um. 

This  can  be  taken  into  account  in  the  calculation  by  correspond¬ 
ing  change  of  average  velocity  of  particles  of  fraction  m^.  As 
the  basis  for  determination  of  the  amount  of  change  in  velocities 
of  fractions  with  coagulation  we  use  condition  of  conservation  of 
momentum:  interaction  between  particles  must  not  change  the 

quantities  of  motion  of  the  whole  condensate.  For  taking  into 
account  analogous  temperature-  shift  we  use  condition  of  conservation 
cf  energy  of  condensate. 
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Some  Results  of  Calculations  of  Nonequilibrium 
Two-Phase  Flows  with  Coagulation 


I  Let  us  cite  some  results  of  calculations  on  an  electronic 

computer,  obtained  for  combustion  products  of  solid  propellant,  having 
combustion-chamber  temperature  T  =  3100-3200°K  and  containing  in 
their  composition  13-38?  condensed  aluminum  oxide.  Nozzle  inlet 
pressure  in  different  cases  varied  from  10  to  80  bar,  diameter  of 
nozzle  throat  -  from  20  to  500  mm. 

In  all  cases  we  assumed  that  at  the  nozzle  inlet  the  particles 

are  distributed  according  sizes  in  accordance  with  logarithmic- 

normal  law  with  root-mean-square  deviation  o  =  1.5  and  average 

geometric  diameter  d_  ■  1  yin. 

z 

Figure  13. 4  shows  functions  g(d)  obtained  by  calculation  in 
various  sections  of  the  nozzle,  geometry  of  which  is  shown  on  this 
figure,  when  z  «  0.28,  pu  -  40  bar  and  d  ■  100  mm.  As  can  be 
seen,  the  process  of  coagulation  in  the  nozzle  substantially  changes 
the  initial  function  of  distribution. 


Fig.  13.^.  Change  in  the  distribution 
density  as  a  result  of  coagulation. 


Change  of  average  diameter  along  the  axis  of  the  nozzle, 
found  under  the  same  conditions,  but  with  different  throat  diameters, 
is  shown  on  Fig.  13*5.  From  the  chart  it  follows  that  growth  of 
particles  is  substantially  greater  with  increase  of  absolute  dimensions 
of  the  nozzle. 


Fig.  13-5.  Growth  of  average 
diameter  of  particles  in 
nozzles  with  various  throat 
diameter. 


Analysis  shows  that  such  a  character  of  relationship  to  d  is 
a  result  of  the  opposition  of  two  processes,  which  affect  coagulation. 
In  larger  nozzles  the  delay  of  particles  and,  consequently,  the 
constant  of  coagulation  are  diminished  (13.22),  but  time  of  stay 
of  the  mixture  in  the  nozzle  increases  in  proportion  to  the  throat 
diameter.  The  effect  of  the  second  factor  turns  out  to  be 
considerably  greater. 

Figure  1-.6  shows  relationships  analogous  to  previous,  obtained 
when  d  =  ICC  mm  and  at  various  contents  of  condensate.  The 

«p 

considerably  greater  growth  of  average  diameter  of  particles  with 
increase  of  their  concentration  is  physically  obvious. 

According  to  equation  (13.25)  the  rate  of  coagulation  must  be 
proportional  to  the  square  of  concentration.  Therefore,  with  increase 
in  pressure  in  the  combustion  chamber,  all  things  being  equal  (z  = 
const,  d  =  const),  the  average  size  of  particles  increases. 

Figure  13.7  shows  quantities  d„m  at  the  nozzle  section  when  z  =  0.?t, 

J  =  100  mm. 

np 
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Pig.  13.6.  Fig.  13.7. 

Fig.  13.6.  Growth  of  average  diameter  of  particles 
depending  on  the  weight  fraction  of  condensate. 

Fig.  13.7.  Change  of  average  diameter  of  particles 
depending  on  pressure  in  the  combustion  chamber. 

Thus,  results  of  calculations  indicate  a  very  substantial 
growth  of  particles  of  condensate  during  motion  in  tne  nozzle.  If 
we  consider  that  losses  of  specific  thrust  are  determined  by  the 
size  of  particles  in  the  region  of  the  nozzle  throat,  one  should 
make  a  conclusion  about  the  determining  effect  of  the  process  of 
coagulation  on  these  losses. 

This  conclusion  Is  illustrated  by  data  of  Fig.  13-8,  where 

there  are  presented  values  of  losses  of  specific  thrust  in  a  void 

calculated  with  allowance  for  and  without  allowing  for  coagulation 

(curves  1  and  2  respectively)  with  identical  initial  distribution 

of  particles  according  to  sizes.  Quantity  z  in  calculations  is 

accepted  equal  to  0.32,  and  f_  ■  6.5.  With  throat  diameter 

d  »  100-200  mm  and  more  quantities  „  differ  10-15  times. 

*  p  y/4  •  n 

As  a  result  of  the  considerable  growth  of  particles  in  the  r.ozzle 
"two-phase"  losses  of  specific  thrust  are  slightly  diminished  with 
increase  in  the  absolute  dimensions  the  engine. 


Decrease  of  the  complex  6,  connected  with  nonequi librium  of  two- 
phase  flow  in  the  subsonic  and  supersonic  part  of  the  nozzle,  as 
calculations  show,  is  close  to  the  amount  of  losses  of  specific  thrust 


A3  a p„  „ 

--=11.1-1,2)— — 
*  r  yj.n 


[Translator's  Note:  n  *  loss.] 
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This  decrease  of  8  must  be  considered  when  determining  through  <fp" 
measured  value  of  <f>.  (see  Chapter  XVI). 

P 


Pig.  13*3.  Change  of  specific 
thrust  in  2  void  depending  on 
throat  diameter. 


1 3 .  r3 •  Nonequilibrium  of  the  Crystallization  Process 
of  Condensate  in  the  Nozzle 

In  methods  oi'  calculation  of  theoretical  thermodynamic 
characteristics  It  is  assumed  that  the  process  of  expansion  in  the 
nozzle  is  equilibrium.  For  two-phase  combustion  products  this  means, 
specifically,  that  temperatures  and  velocities  of  particles  and 
gas  are  equal  everywhere,  and  condensate  is  equilibrium  through  phase 
states  in  proportion  to  cooling  the  nozzle.  For  example,  combustion 
products  of  blended  solid  propellant  with  A1  additives  contain  15-35% 
condensed  aluminum  oxide,  having  melting  point  2303°K.  The 
combustion  temperature  of  these  propellants  is  3000-3500°K,  and  the 
temperature  cf  combustion  products  at  the  nozzle  section  1500-2000°K. 
According  to  equilibrium  thermc dynami e  calculation  in  the  combustion 
chamber  the  particles  of  alununurn  oxide  are  in  liquid  state.  In 
the  course  of  expansion  the  temperature  r  f  combustion  products  in 
sene  section  reaches  2303°K  and  the  expansion  process  further 
proceeds  lsothermally ,  until  heat  of  crystallization  of  aluminum 
oxide  is  converted  into  kinetic  energy.  On  this  section  of  the 
nozzle  the  condensate  gradually,  in  proportion  to  output  of  heat  to 
gas,  changes  from  liquid  state  to  solid.  In  each  section  the  fraction 
of  hardened  condensate  is  equal  to  the  fraction  of  removed  heat  of 
crystallization. 


In  a  real  case  the  equilibrium  course  of  this  process  can  be 
limited,  first  of. all,  by  finite  velocity  of  heat  transfer  from 
particles  to  gas,  secondly,  by  finite  velocity  of  crystallization. 

Let  us  examine  the  question  of  the  effect  of  finite  velocities 
of  crystallization  and  heat  output  on  losses  of  specific  thrust 
as  a  result  of  incomplete  utilization  cf  heat  of  phase  transition 
of  condensate. 

Kinetics  of  the  crystallization  process  is  determined  by  two  basic 
parameters:  number  of  crystalline  nuclei,  which  appear  in  a  unit 
of  time,  and  linear  velocity  of  growth  of  crystals.  Probability  of 
formation  of  a  nucleus  of  new  phase  in  a  unit  of  column  on  Fol'mer 
is  determined  by  the  following  expression: 


where  o,  AT,  A,  B  -  Interphase  surface  tension,  supercooling  of 
liquid  and  certain  constants  respectively. 

For  metal  oxides  the  process  of  crystallization  was  not  investi 
gated  and  constants  in  this  equation  are  unknown. 

Qualitatively  the  less  the  probability  of  formation  of  at  least 
one  center,  the  smaller  the  mass  of  liquid.  From  investigations 
In  meteorology  it  is  known  that  small  drops  of  water  are  supercooled 
to  temperatures  several  tens  of  degrees  lower  than  zero.  Time 
necessary  for  freezing  micron  drops  of  water  is  measured  in  seconds 
and  in  minutes,  and  submicron  -  in  hours.  For  water  quantity  o 
comprises  about  10  dyn/cm,  for  aluminum  oxide  -  about  200  dyn/cm. 
Time  of  flow  of  combustion  products  in  the  supersonic  part  of  the 
nozzle,  where  crystallization  should  occur,  comprises  a  magnitude 
on  the  order  of  10  us. 
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Thus,  a  number  of  factors  -  small  sizes  of  particles  (on  the 
order  of  a  micron),  considerable  magnitude  of  interphase  surface 
tension  between  crystalline  modification  and  liquid  oxide,  and 
also  a  very  short  time,  during  which  hardening  of  particles  must 
occur,  place  under  doubt  the  possibility  of  equilibrium  -process  of 
crystallization  in  the  nozzle  of  the  engine.  Therefore  it  is  not 
excluded  that  particles  of  metal  oxide  after  achievement  of  melting 
point  and  with  further  cooling  are  located  in  liquid,  supercooled 
state . 

basic 

For  calculation  of  kinetics  of  possible  crystallization  at 
_  present  there  are  no  published  data.  Limiting  case  of  nonequilibrium, 

if 

when  particles  of  oxide  are  located  in  liquid  supercooled  state, 
can  be  calculated  by  thermodynamic  methods.  Results  of  calculations 
give  an  answer  to  the  question  of  maximum  possible  effect  of  the 
considered  process  on  power  engineering  of  engines. 

Approximate  thermodynamic  estimation  of  nonequilibrium  can  be 
given  by  proceeding  from  the  following  examination.  We  will  consider 
two-phase  combustion  products  consisting  of  two  subsystems:  strictly 
combustion  products  with  condensate  in  liquid  state  and  a  source 
of  heat. 


ast 
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In  equilibrium  process,  when  crystallization  takes  place,  heat 
from  a  source  is  supplied  to  combustion  products  at  constant 
temperature,  equal  to  T  .  If  there  is  no  crystallization,  heat 
is  not  fed  from  a  source  to  combustion  products.  In  both  cases  the 
entropy  of  the  entire  system  (combustion  products  and  source)  remains 
constant.  However,  in  the  process  with  crystallization  the  entropy 
of  strictly  combustion  products  will  increase. 


Let  us  examine  the  difference  of  outflow  velocity  in  these  two 
cases  during  expansion  to  prescribed  pressure.  Equation  of  energy 
in  the  case  of  absence  of  crystallization  can  be  written  so: 


:c 


,2 

I’.Hp 
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^ K  Uc  4'  W C)—  Q.rjii 


(13.26) 
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where  wCtHp~  outflow  velocity  of  combustion  products  in  nonequilibrium 
process  without  crystallization;  I  ,  I  -  enthalpy  of  combustion 
chamber  and  at  the  nozzle  section  for  flow  with  crystallization; 

5I0  -  change  in  enthalpy  at  the  nozzle  section  with  respect  to  flow 
crystallization;  Qn/1  -  quantity  of  heat  on  1  kg  of  working 
substance,  liberating  during  phase  transformation. 


Let  us  rewrite  equation  (13-26)  in  the  form 


C.Hp 


The  second  term  in  the  left  side  of  this  equation  is  equal  to 
half  the  square  of  outflow  velocity  in  the  equilibrium  process: 

«* 


With  allowance  for  this,  it  is  possible  to  approximately  write 


Awwe  =  ~ 6fc— Qaa, 


where 


Aw^Wc.gp— wc. 


The  quantity  of  heat,  which  is  liberated  during  phase  transformation. 

Is  equal  to 


Qn*  —  ^A/m. 


where  Aln;i  -  heat  of  melting  1  kg  of  oxide. 

Since  the  temperature  during  phase  transition  is  constant, 
change  of  entropy  of  combustion  products  is  equal  to 

8s  =  -  . 

Tn, 

Corresponding  change  of  enthalpy  at  the  nozzie  section  at 
constant  pressure  p  comprises 
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If 

T  M. 

where  Tc  -  temperature  of  combustion  products  at  the  nozzle  section 
in  equilibrium  process. 


Pinal  expression  of  relative  change  of  outflow  velocity  for 
the  process  without  crystallization  has  tne  form: 


it c 
*c 


*!/„,.(  1  -  rc  / 1. ) 


(13.27) 


Prom  expression  (13.27)  it  follows  that  the  greater  the  weight 
fraction  of  condensate  in  combustion  products  and  the  lower  the 
temperature  at  the  nozzle  section,  the  greater  the  effect  heat  of 
phase  transition  has  on  the  outflow  velocity. 


Table  13.2  shows  decrease  of  outflow  velocity  in  case  of  the 
absence  of  crystallization  for  two  propellants  using  ammonium 
perchlorate  as  base  with  7  ana  15%  aluminum,  calculated  by  formula 
(13-27). 


Table  13.2.  Reduction  of  outflow  velocity  in 
the  absence  of  crystallization. 


%  Al 

in  propellant 

rc  °k 

I 

trc  «/• 

i  «•  % 

7 

1740 

1  0.13 

i 

2390 

O.kT 

15 

2050 

i 

0.28 

I 

2500 

0,56 

As  can  be  seen  from  the  table,  decrease  in  the  outflow  velocity 
is  about  0.6%.  In  this  case  for  propellant  with  1%  A1  despite  a 
considerably  lower  content  of  condensate  than  for  fuel  with  15% 
aluminum,  the  absence  of  crystallization  leads  to  a  higher  decrease 
of  outflow  velocity.  The  determining  role  here  is  played  by  the 
fact  that  the  temperature  at  the  nozzle  section  for  the  first 
propellant  is  considerably  lower. 
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The  above  given  approximate  estimation  of  the  effect  of 

crystallization  on  the  outflow  velocity  carries  a  more  qualitative 

than  quantitative  character.  The  process  of  expansion  proceeds 

with  prescribed  value  c.f  relative  nozzle  exit  section  area.  In 

case  of  the  absence  of  crystallization  in  the  rocket  engine  nozzle 

the  pressure  at  the  nozzle  section,  as  will  be  shown  below,  can 

considerably  differ  from  design  pressure  during  equilibrium 

expansion.  Therefore,  comparison  of  processes  with  crystallization 

and  in  its  absence  in  a  fixed  nozzle  (at  assigned  f  ),  but  not  under 

c 

condition  of  constant  exit  pressure,  is  more  correct  and  accurate. 
Furthermore,  comparison  of  the  effectiveness  of  processes  of  expansion 
with  respect  to  outflow  velocity  can  lead  to  incorrect  conclusions. 

As  is  known,  the  addition  of  heat  to  supersonic  flow  slows  it  down. 
Consequently,  by  taking  the  outflow  velocity  as  criterion,  the  incor¬ 
rect  conclusion  can  be  made  that  the  process  with  crystallization 
is  less  effective  than  in  its  absence.  It  is  more  correct  to 
co^are  with  respect  to  specific  thrust  in  a  vacuum. 

Por  estimation  of  the  relative  effectiveness  of  expansion  process 
In  a  nozzle  of  prescribed  geometry  in  the  absence  of  crystallization 
they  were  conducted  special  thermodynamic  calculations  of  the  above- 
■entloned  solid  propellants  with  7  and  15*  aluminum.  Thermodynamic 
functions  of  condensed  phase  when  supercooling  below  the  melting 
point  were  determined  from  the  condition  tlyft  the  thermal  capacity 
of  supercooled  liquid  is  constant  and  equal  to  thermal  capacity  at 

Tn»- 

Figure  13.9  shows  temperature  change  of  combustion  products  in 
the  nozzle  at  equilibrium  and  nonequilibrium,  in  the  sense  of 
crystallization,  flow  for  the  propellant  with  15*  Al.  As  can 
be  seen,  curve  1  (with  crystallization)  and  curve  2  (without 
crystallization)  after  the  section  where  crystallization  occurs 
during  equilibrium  process,  go  practically  equidistant.  Temperature 
of  combustion  products  in  some  section  of  the  nozzle  after  this 
section  in  case  of  nonequilibrium  expansion  is  approximately  200°K 
lower.  For  other  propellants  the  character  of  curves  is  analogous. 
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and  decrease  of  temperature  in  the  nozzle  depends  on  the  content 
ve  of  condensate  in  combustion  products,  weight  fraction  of  which  also 

determines  the  extent  of  the  crystallization  section.  The  more 
condensate  in  combustion  products,  the  larger  the  section  of 
le  crystallization  and  the  more  considerable  decrease  of  temperature 

at  the  nozzle  section  in  the  absence  of  phase  transition. 


ion 
nder 
te . 

ansi on 
ns . 
wn. 
ncor- 
n 


Fig.  13.9.  Temperature  at  the 
nozzle  section  with  allowance 
for  crystallization  (curve  1) 
and  without  allowing  for  it 
(curve  2). 
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On  Fig.  13.10  for  propellants  with  7  and  15%  A1  there  is  shown 
the  ratio  of  pressure  during  flow  in  the  nozzle  without  crystalliza¬ 
tion  to  pressure  at  equilibrium  expansion.  On  the  crystallization 
section  the  pressure  ratio  rapidly  drops,  and  then  it  begins  to 
increase . 


Fig.  13.10.  Change  of  pressure  on 
the  nozzle  section  in  the  absence 
of  crystallization  for  various 
propellants:  1  -  7%  Al;  2  -  15% 
Al. 
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On  Fig.  13.II  for  the  same  propellants  there  is  shown  decrease 
of  outflow  velocity  arid  specific  thrust  In  a  vacuum  during  expansion 
without  crystallization  of  liquid  phase  in  percent  of  values  at 
equilibrium  expansion  In  comparison  with  equilibrium  values.  As 
should  nave  been  expected,  on  the  crystallization  section  the  flow 
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in  equilibrium  case,  when  heat  of  crystallization  is  supplied, 
accelerates  slower  than  in  nonequilibrium  case.  However,  with 
respect  to  the  amount  of  specific  thrust  in  a  void  the  process  with 
crystallization  always  has  advantages.  Losses  of  n  because  of 
the  absence  of  crystallization  for  engines  of  earth  stages  reach 
1.0  percent  and  for  engines  of  upper  stages  -  1.5  percent. 


Pig.  13.11.  Change  of  outflow  velocity 
and  specific  thrust  in  a  vacuum  in  the 
absence  of  crystallization. 

Thus,  maximum  losses  of  specific  thrust  in  a  case  when  heat 
of  crystallization  is  not  converted  during  expansion  into  kinetic 
energy  can  be  considerable.  It  is  perfectly  clear  that  with  finite 
value  of  coefficient  of  heat  outp^it  for  transmission  of  heat  from 
particles  to  gas  some  drop  of  temperature  is  necessary,  consequently, 
the  temperature  of  particles  is  always  higher  than  the  ga3 
temperature.  Even  if  crystallization  is  not  retained,  the  removal 
of  heat  separating  with  it  will  shift  toward  lower  temperature 
and  pressure  than  in  equilibrium  case,  and,  consequently,  it  will 

be  less  effective.  It  is  possible  that  under  definite  conditions 
the  considered  process  will  be  limited  not  by  the  crystallization 
rate,  but  the  rate  of  heat  removal  from  particles. 


For  research  on  the  role  of  the  process  of  heat  exchange  by  the 
methods  given  in  §  13- 3»  we  performed  calculations  of  nonequilibrium 
flows  of  two-phase  combustion  products  of  blended  solid  propellant 


wlf 

of 

ca] 

of 

1  c 

tioj 

rati 

noz 

bed 
of  j 

con^ 
witl, 
the  | 


lizr 
work 
of  p 
sect' 
crys 

rrrt  i 

-K 

h 10\ 

IOC 

,  m  - 

0 


thrus 
liste 
fract 
be  re 
their 
delay 


343 


with  15f  aluminum,  d  =  5  um  in  a  conical  nozzle  with  half  angle 
of  aperture  15°  and  throat  diameter  IOC  nm.  Example  of  the 
calculation  picture  of  the  change  in  the  difference  of  temperatures 
of  gas  and  particles  along  tne  nozzle  is  shown  on  Fig.  13.12.  Curve 
1  corresponds  to  nonequilibrium  flow  in  the  absence  of  crystalliza¬ 
tion,  curve  2  -  with  crystallization  taking  into  account  finite 
rate  of  heat  removal.  In  the  second  case  on  the  section  of 
nozzle  b-d  the  temperature  difference  sharply  increases,  since 
before  termination  of  heat  removal  of  phase  transition  the  temperature 
of  condensate  remains  constant,  equal  to  T  ,  and  the  gas  temperature 
continues  to  lower.  On  this  section  there  is  increased,  in  comparison 
with  the  first  case,  supply  of  heat  to  gas,  as  a  result  of  which 
the  specific  thrust  in  a  void  increases.  However,  since  section  b-d 
is  lower  along  the  nozzle  than  section  a-c,  where  there  is  crystal¬ 
lization  in  equilibrium  case,  the  applied  heat  is  transformed  into 
work  of  expansion  less  effectively.  With  increase  in  the  diameter 
of  particles  of  condensate  section  b-d  is  displaced  to  the  exit 
section  and  increase  of  specific  thrust  due  to  liberation  of  heat  of 
crystallization  is  diminished. 


Fig.  13-12.  Temperature  difference  of 
gas  and  condensate  along  the  nozzle. 


Results  of  calculations  of  the  above-shown  increase  of  specific 
thrust  in  a  void  at  various  sizes  of  particles  of  condensate  are 
listed  on  Fig.  13.13.  For  the  selected  throat  diameter  a  noticeable 
fraction  of  maximum  increase  of  specific  thrust  (curve  dp  -*•  0)  can 
be  realized  under  conditions  of  heat  output  from  particles  only  with 
their  diameter  smaller  than  3-5  um.  Namely,  for  fine  particles  a 
delay  of  the  process  of  crystallization  is  more  probable. 
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Pig.  13.13.  Increase  of  specific  thrust 
in  a  void  with  crystallization. 


For  particles  more  than  10-15  wm  in  diameter  the  increase  in 
specific  thrust  is  negligible  under  conditions  of  heat  removal. 
Possible  supercooling  of  liquid  oxide  of  metal  reduces  this  small 
quantity . 

As  was  noted  above,  behind  the  nozzle  section  of  heavy  RDTT 
the  average  diameter  of  particles  of  condensate  reaches  10-15  wm.  In 
these  conditions,  according  to  material  presented  above,  it  would 
be  closer  to  reality  to  perform  thermodynamic  calculation  without 
•  allowing  for  heat  of  crystallization  of  condensate  during  expansion 
In  the  nozzle. 

13-6.  Nonequilibrium  of  Condensation  Process 

in  the  Nozzle 


If  the  pressure  of  saturated  vapors  of  substance,  which  Is 
in  condensed  state,  is  commensurate  with  pressure  in  the  combustion 
chamber,  the  weight  fraction  of  condensate  in  combustion  products 
according  to  thermodynamic  calculation  substantially  changes  with 
expansion  in  the  nozzle.  An  example  is  propellant  pentaborane 
Bj-H^  with  hydrogen  peroxide  HgC^.  In  combustion  products  of  this 
propellant  the  condensate  can  generally  be  absent  in  the  combustion 
chamber  or  be  contained  there  In  a  quantity  of  several  percent. 

On  the  nozzle  section  with  deep  expansion  quantity  z  reaches  values 
0.5-0. 7.  The  process  of  transition  of  boric  oxide  B20^  from  gaseous 
state  into  liquid  is  accompanied  by  liberation  of  a  considerable 
quantity  of  heat,  which  increases  the  specific  thrust.  If  this 
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process  will  proceed  with  delay  or  condensation  generally  does 
not  occur  in  the  nozzle,  considerable  losses  of  specific  thrust,  on 
the  order  of  o-10%  will  take  place. 

Kinetics  of  condensation  can  be  limited  by  the  formation  of 
nucleation  center,  condensation  nucleus,  and  also  diffusion  of  the 
substance  being  condensed  to  centers  and  removal  of  heat  of 
condensation  from  particles. 


Obtaining  results  on  kinetics  of  precipitation  ^ 
in  the  nozzle  by  calculation  is  hampered  by  the 
ideas  about  the  mechanism  of  the  process,  and 
of  many  constants,  which  determine  the  rates 
stages  of  the  process. 
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Specific  difficulties  are  presented  by  the  description  and 
calculation  of  the  process  of  homogeneous  formation  of  condensation 
nuclei.  At  present  there  is  introduced  active  theoretical  and 
experimental  research  of  processes  of  condensation  as  applied  to 
conditions  in  rocket  engine  nozzles.  Some  results  of  these 
investigations  can  be  found,  for  example,  in  [1],  [6]. 


13.7.  Profiling  of  Nozzles  for  Two-Phase 
Combustion  Products 


The  task  of  profiling  an  extremal  nozzle  for  two-phase  combustion 
products,  as  well  as  for  homogeneous,  involves  seeking  a  profile 
providing  the  greatest  thrust  from  the  family  of  nozzles,  which  have, 
for  example,  Identical  length,  surface  or  some  other  parameter. 
Complication  of  the  problem  consists,  first  of  all,  in  the  need  to 
consider  a  more  complex  system  of  equations  in  comparison  with  the 
variant  of  pure  gas,  describing  nonequilibrium  spatial  flow  of  two- 
phase  mixture.  Secondly,  losses  of  specific  thrust,  caused  by  delay 
of  particles,  decisively  depend  on  the  geometry  of  inlet  and  throat 
of  the  nozzle. 


The  slight  dependence  of  losses  of  specific  thrust  on  the 
geometry  of  nozzle  inlet  for  gaseous  products  allows,  as  was  shown 
in  Chapter  XII,  being  limited  by  selection  of  an  extremal  supersonic 
part  of  the  nozzle.  On  subsonic  and  supersonic  parts  in  this  case 
there  is  imposed  a  number  of  minimum  requirements,  revealed 
experimentally . 

In  case  of  two-phase  flow  the  optimization  of  only  the  supersonic 
section  with  arbitrary  fixed  geometry  of  the  remaining  part  Is  by 
far  an  incomplete  solution  of  the  problem.  Moreover,  as  will  be 
shown  below,  for  decrease  of  losses  connected  with  delay  of  particles 
of  constant  size,  it  is  required  mainly  to  change  the  nozzle  throat 
region. 

At  present  the  methods  of  calculation  of  nonequilibrium  two-phase 
spatial  flows  have  been  developed  only  fo~  the  region  of  flow  where 
the  gas  velocity  exceeds  the  local  speed  of  sound  in  gas.  In  principle 
methods  of  optimization  of  only  the  supersonic  part  of  the  nozzle 
have  been  developed,  and  this  problem  can  be  solved  numerically, 
however,  there  are  no  results  of  such  calculations  in  literature. 

In  a  one-dimensional  formulation  there  can  be  examined  the  problem 
of  seeking  a  nozzle  contour,  for  example,  of  definite  length  at 
prescribed  pressures  pH  and  pc,  which  provides  maximum  average 
outflow  velocity  of  two-phase  mixture.  Solution  of  soch  a  problem, 
obtained  by  methods  of  variational  calculation  in  [1*0  with 
assumption  of  small  deviation  of  flow  from  equilibrium,  gives  a 
nozzle  contour  substantially  differing  from  usual.  Figure  13.1*1 
shows  a  contour  of  the  usual  nozzle  and  by  a  dotted  line  -  a  nozzle 
contour  which  provides  minimum  losses  from  delay  of  particles 
(p„  ■  70  bar,  *  »  60,  d„  ■  5  Mm,  du_  *  150  mm  and  z  ■  0.*O«  A 

H  C  p  “  p 

distinctive  feature  of  the  optimum  nozzle  is  a  highly  elongated 
throat.  If  for  these  nozzles  we  examine  typical  curves  of  delay 
of  particles  with  respect  to  velocity  (Fig.  13.15),  then  the  result 
of  elongation  of  the  throat  becomes  clear:  acceleration  of  flow 
(a  quantity  proportional  to  delay  of  particles)  becomes  close  to 
constant  on  the  nozzle,  the  section  of  more  rapid  dispersal  in 
the  throat  area  of  a  usual  nozzle  disappears .  Amount  of  losses  of 
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outflow  velocity,  caused  by  delay  of  particles,  for  an  optimum 
n  nozzle  in  the  examined  case  typical  for  RPTT  can  be  reduced  by  approxi- 

nic  mately  one  third.  Thus,  if  these  losses  in  the  case  usual  for  RDTT 

3  comprise  a  quantity  on  the  order  of  3 %,  then  by  change  of  the 

nozzle  contour  while  maintaining  its  overall  length  they  can  be 
l  diminished  to  approximately  2%.  It  is  entirely  obvious  'that  losses 

from  nonparallelism  of  flow  in  the  nozzle,  such  as  shown  on  Fig. 

-onic  13- 11*,  can  substantially  exceed  the  indicated  lit  gain. 
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Fig.  13. 14.  Comparison  of  optimum  and  usual 
nozzle  contours. 


Fig.  13.15.  Character  of  lag  of  particles  with 
respect  to  velocity  in  usual  (1)  and  optimum 
(2)  nozzles. 
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In  [7]  a  one-dimensional  solution  of  the  problem  of  selection 
of  extremal  nozzle  contour  with  fundamental  account  of  losses  on 
nonparallelism  of  flow  has  been  examine-! 

A  solution  for  axisymmetric  nonequi librium  flow,  as  was  noted 
above,  can  be  obtained  if  we  specify  the  profile  of  subsonic  and 
supersonic  part  of  the  nozzle  and  initial  data  of  flow  on  a  certain 
line,  where  M  >  1.  These  initial  data  can  be  approximately 
obtained,  for  example,  from  one-dimensional  calculation  or  with 
the  aid  of  calculation  of  trajectories  of  particles  in  a  flow 
of  gas,  which,  in  turn,  is  calculated  for  equilibrium  flow. 

Existing  methods  of  calculation  of  nonequill'  rium  supersonic 
two-phase  flow  allow  finding  the  external  profile  of  the  expansion 
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section  of  the  nozzle  by  methods  of  variation  calculation.  In  the 
latter  case,  first  of  all  losses  connected  with  heterogeneity  of 
flow  on  the  nozzle  section  will  be  reduced  to  minimum  possible, 
whereas  for  decrease  of  delay  of  particles  it  is  necessary  to  affect 
the  nozzle  throat  region  remaining  constant  in  this  variant  of 
optimization. 

It  is  necessary  to  note  that  everything  given  above  pertains 
to  the  case  when  particles  do  not  interact  together.  In  case  of 
calculation  of  coagulation  of  particles  it  can  turn  out,  for 
example,  that  it  is  more  advantageous  not  to  lengthen  the  throat, 
but  shorten  it. 

The  point  is  that  with  elongation  of  the  throat  region  (with 
preservation  of  overall  length  of  the  nozzle)  according  to  calcula¬ 
tions  the  growth  of  particles  increases  as  a  result  of  coagulation. 
This  increase  in  the  size  of  particles  can  be  more  substantial  than 
decrease  in  the  gradient  velocity,  and  the  amoung  of  losses  of 
specific  thrust  increases. 

Thus,  until  such  complete  solutions  of  the  problem  of  selection 
of  external  nozzle  profile  for  two-phase  combustion  products  are 
developed,  we  make  use  of  methods  of  profiling  of  nozzles  for  pure 
gas.  In  this  case  the  properties  of  gas  are  assumed  identical 
with  properties  of  equilibrium  two-phase  mixture. 
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CHAPTER  XIV 

HEAT  OUTPUT  TO  CHAMBER  WALLS 

In  the  chapter  are  examined  methods  of  calculation  of  heat 
output  from  combustion  products  to  chamber  walls.  There  are  listed 
methods  of  determination  of  convective  and  radiant  specific  heat 
flows,  their  distribution  along  the  chamber  passage  is  analyzed. 

On  the  basis  of  generality  of  processes  transfer  in  the  boundary 
layer  working  formulas  are  given  for  determination  of  friction 
stress . 


14.1.  Preliminary  Information 
Boundary  Layer 

As  any  real  liquid,  combustion  products  possess  viscosity  and 
thermal  conductivity,  which  leads  to  formation  of  a  boundary  layer 
directly  near  the  wall. 

Depending  upon  the  character  of  flow,  the  condition  of  motion 
in  the  boundary  layer  can  be  laminar  or  turbulent.  In  chambers  of 
rocket  engines,  as  a  rule,  a  turbulent  boundary  layer  is  formed, 
which  is  caused  by  high  flow  velocities.  However,  in  regions 
directly  adjacent  to  the  wall,  there  is  always  a  viscous  (laminar) 
underlayer,  where  motion  is  laminar.  Thickness  of  the  viscous  under¬ 
layer  is  relatively  small  in  comparison  with  overall  thickness  of 
the  boundary  layer. 
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In  the  boundary  layer  there  occurs  change  of  many  parameters 
and  properties  of  flow.  A  change  of  some  quantity  from  the  value 
in  external  flow  (nucleus  of  flow)  to  the  value  at  the  wall 
determines  the  corresponding  characteristic  thickness  of  the  boundary 
layer.  For  example,  in  dynamic  boundary  layer  with  thickness  6 
(Fig.  14.1)  is  a  characteristic  quantity  there  is  considered  the 
gas  velosity,  which  is  reduced  from  the  value  in  external  flow  to 
zero  at  the  wall.  In  the  thermal  boundary  layer  the  characteristic 
quantity  is  considered  temperature  or  er.tnalpy,  which  is  changed 
from  the  value  on  the  boundary  layer  tc  the  value  at  the  wall. 
Generally,  the  thicknesses  of  thermal  (c^)  and  dynamic  (6)  layers 
do  not  coincide  (<5  >  6,p  when  Pr  >  1.0,  6  <  6,p  when  Pr  <  1.0). 


Fig.  14.1.  Characteristic  tenw 
peratures  and  thicknesses  of 
boundary  layer:  6  -  thickness 
of  dynamic  boundary  layer;  6ij.  - 
thickness  of  thermal  boundary 
layer. 


It  is  not  possible  to  clearly  determine  the  external  boundary 
(and  thereby  the  thickness)  of  boundary  layer.  Theoretical  analysis 
shows  that  only  at  dimensionless  distance  from  the  wall  are  parameters 
in  boundary  layer  compared  with  their  values  for  external  flow. 
Therefore,  the  boundary  limit  is  frequently  determined  conditionally, 
for  example,  for  dynamic  boundary  layer  the  limit  is  where  the 
local  velocity  differs  from  the  velocity  of  external  flow  by  one 
percent . 

In  calculations  there  are  frequently  applied  conditional  boundary 
layer  thicknesses.  Usually  three  conditional  thicknesses  are  used: 
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6*  -  displacement  thickness,  &**  -  momentum  thickness,  6T»*  -  energy 
thickness.  For  example,  for  axisymmetric  boundary  layer  of  compres¬ 
sible  liquid  the  conditional  thicknesses  are  determined  by  formulas 


i 


(14.1) 

(14.2) 

(14.3) 


Here  Al#  ■  I*  •  I  -  difference  of  enthalpies  at  stagnation 
temperature  and  wall  temperature;  r  -  radius  of  nozzle  (Fig.  14.2); 
a  -  angle  wall  to  the  nozzle  axis,  symbol  ^  designates  parameters 
in  the  nucleus  of  flow. 


Fig.  14.2.  System  of  coordinates 
during  integration  of  boundary  layer 
equations. 


Conditional  thicknesses  6#,  6*f,  6T#*  have  a  clear  physical 
meaning  [2].  Utilization  of  5T,  6  ■  -  as  upper  limit  of  lntegrtlon 
in  formulas  (14. 1)-(14. 3)  rids  quantities  «•,  5i§,  «T**  from  uncer¬ 
tainty,  connected  with  conditional  selection  of  boundary  layer 
thicknesses  6,  6^. 

During  the  study  of  turbulent  motion  the  statistical  method 
is  applied.  The  true  value  of  each  flow  parameter  is  represented  by 
the  sum  of  mean  T  and  pulsation  ♦  '  values: 


f  *9+f\ 


(14.4) 
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where  averaging  obeys  the  following  rules: 


du 

(h 


u  4-  v  —  u  -f  v\ 

(14.5) 

du  du  du  , 

(14.6) 

dx  ’  ctr  ox 

~uv  —u  V. 

(14.7) 

In  accordance  with  rules  (14. 5)-(l4. 7)  the  average  pulsation 
values  of  density  6',  pressure  p'  and  temperature  T*  are  taken 
equal  to  zero.  Average  values  of  velocity  w,  temperature  T, 
static  enthalpy  I  and  stagnation  enthalpy  T*  can  be  determined  by 
formula 


Q?=Q<P. 


(1H. 8) 


where  <f>  -  values  w,  T,  I,  I*. 

With  the  aid  of  formula  (1*1.8)  by  direct  substitution  in  it 
of  quantities  in  the  form  of  expression  (14.4)  and  by  subsequent 
averaging  we  obtained  equalities: 


aw'  -f q'w'  —  0; 

o  7”  -i  q'T  =  o. 


(14.9) 

(14.10) 

(14.11) 


System  of  equations  for  boundary  layer  is  derived  from  Navier- 
Stokes  equation  [6]  where  values  of  parameters  are  substituted  in 
the  form  (14.4).  In  this  case  averaged  motion  is  considered 
stationary.  With  averaging  of  equations  of  motion  and  energy  the 
effect  of  molecular  viscosity  and  thermal  conductivity  is  usually 
disregarded.  After  averaging,  the  terms  considering  viscosity  and 
thermal  conductivity  are  assigned  to  obtained  equations.  In  conver¬ 
sions  are  used  formulas  ( 1 4 . 9 )-( 14. 11) .  In  this  way  we  can  obtain  a 
system  of  equations  that  describe  turbulent  flow  of  viscous 
compressible  liquid. 


In  applications  to  various  problems  of  turbulent  flows  this 
system  is  simplified  accordingly.  Specifically,  for  flow  in  the 
boundary  layer  the  following  simplifying  assumptions  are  used: 


dx  dy  ' 

where  +  -  any  hydrodynamic  quantity.  These  assumptions  are  applied 
when  evaluating  the  possible  quantity  of  each  term  of  equations; 
terms  of  higher  order  of  smallness  are  rejected.  As  a  result,  a 
system  of  equations  is  obtained  which  approximately  describes 
the  flow  in  the  boundary  layer.  For  axi symmetric  flow  characteristic 
in  rocket  engine  nozzles  it  has  the  following  form  (for  simplicity 
the  sign  of  averaging  is  preserved  only  in  pulsation  components): 


£(re*,)  + 7- (''<?«'*)= 0, 

ox  Oy 

_ , _ dmj,  dp  ,  1  d 

'®'-5r+s*>‘5 — sr+TST*"1' 


(14.1?) 


(14.13) 


dt*  ,  «*/*  I  d  .  , 

nw,  .  ”  i  Wy  —  —  (r<7c); 
dx  dy  r  dy 

P=qRT, 


(14.14) 


(14.15) 


(14.16) 


where 


T=T)_£-_g» >■  —  stress  friction; 

Oy  *  " 

Vo  =  --  d/~  -q7'  w  —  heat  flow. 


(14.17) 


(14.18) 


Boundary  conditions  for  system  (14. 1L)— (14. 16)  will  be  the 
following. 

,,fhen  y  ■  0,  i.e.,  directly  on  the  wall: 


Wj  —  Wy  —  0; 

r-=r-rCT: 

t  =  TtT; 


(14.19) 
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When  y  =  6,  i.e.,  on  the  limit  of  cynamic  boundary  layer  with 
nucleus  of  flow: 


wt=wx\  ) 
T=0.  j 


(14.20) 


When  y  »  6^,,  i.e.  ,  on  the  limit  of  thermal  boundary  layer: 


r=f*:i 
q — 0.  f 


(14.21) 


Integration  of  obtained  boundary  layer  equations  is  connected 
with  great  mathematical  difficulties  in  lew  of  their  nonlinearity. 
Therefore,  in  boundary  layer  theory  approximate  methods  of  solution 
of  equations  are  used.  The  basic  group  of  these  approximate  methods 
is  connected  with  utilization  of  integral  relationships  of  pulses 
and  energy. 


Integral  relationships,  which  express  the  law  of  momentum  and 
law  of  conservation  of  energy,  can  be  obtained  in  integration  with 
respect  to  y  equations  (14.13)  and  (14.15)  using  continuity  equation 
(14.12). 


In  our  case  the  Integral  relationships  are  written  in  such  a 
form  [3],  [4]: 


where 


® r  —  V 

d.x 

+  l*<  ,  •  ,1-^111,1-  i-rit 

I  l-  it  X 


—  (ewstkWr)  =•-  rq, 
dx 


A*  a 


2 tpmr' 


T  = 

•  rr 


*  f'  . 

v- 


[Translator's  Note:  ct  ■  wall.] 


(14.22) 

(14.23) 


(14.24) 
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cpm  -  average  thermal  capacity  when  p  =  const  over  temperature 

range  T-T*. 

Thus,  from  the  system  of  differential  equations  in  partial 
derivatives  we  obtained  two  usual  differential  equations  (l1!. 22) 
and  (1*1.23),  which  contain  five  unknowns  -  61,  6**,  S™**,  t  ,  q  . 
Together  with  additional  relationships,  assigned  on  the  basis  of 
experimental  and  theoretical  data,  equations  (1*1.22)  and  (1*1.23) 
allow  determining  heat  flow  and  friction  stress  in  the  boundary 
layer. 
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Heat  Transfer  from  Combustion  Products  to 
Chamber  Walls 

In  a  rocket  engine  chamber  there  move  combustion  products  which 
are  at  high  temperature  and  are  highly  dissociated.  Heat  is  transferred 
from  combustion  products  to  chamber  walls  by  means  of  radiation  and 
direct  contact  with  walls  (convective  heat  emission). 

Processes  of  dissociation  and  recombination  in  the  boundary 
layer  intensifies  heat  exchange.  In  the  thermal  boundary  layer 
a  large  temperature  drop  occurs,  the  level  of  which  is  high. ^ Under 
these  conditions  turbulent  movement  of  gas  volumes  from  the  high- 
temperature  region  to  low-temperature  region  near  the  walls  leads 
not  only  to  transfer  of  kinetic  energy,  but  also  to  transfer  of 
haat,  which  is  liberated  during  reactions  of  recombination  in  the 
son*  of  lowered  temperature.  Composition  and  properties  of  the 
working  medium  across  the  boundary  layer  in  this  case  will  be 
variable. 

In  the  viscous  sublayer  of  the  turbulent  boundary  layer  as 
a  result  of* concentration  gradient  the  molecules,  which  were 
dissociated  in  the  high-temperature  zone,  diffused  towards  the  wall. 

In  the  low-temperature  region  there  occurs  recombination  of  these 
molecules  and  heat  liberation.  As  a  result,  heat  flows  increase. 
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Thus,  in  contrast  to  the  case  of  heat  exchange  in  a  medium  of 
constant  composition,  during  calculation  of  convective  heat  emission 
from  chemically  reacting  working  medium  one  should  take  into 
account  the  heat  transfer  of  chemical  reactions. 

On  a  considerable  part  of  the  engine  chamber  passage  there 
take  place  high,  including  supersonic,  velocities  of  motion  of 
compressible  medium.  As  is  known  in  this  instance  the  liberation 
of  heat  as  a  result  of  friction  of  gas  against  the  surface  must 
be  considered. 

Thus,  the  overall  quantity  of  energy,  transferable  through 
the  boundary  layer  by  any  volume  of  gas,  is  equal  to  the  difference 
of  its  stagnation  enthalpies  at  extreme  points  of  the  path. 

Very  high  thermal  head  between  combustion  products  and  the 
wall,  high  pressure  in  the  engine  chamber,  the  possible  presence 
in  working  medium  of  condensed  luminous  particles,  and  also  substantial 
instability  of  flows,  caused  by  small  relationships  of  length  to 
diameter  of  passage,  also  contribute  to  increase  in  the  heat  emission 
from  combustion  products. 

'’he  combustion  products  of  certain  rocket  propellants  can  contain 
compon’r which  are  in  gas  phase  in  the  basic  flow  and  are 
condens  d  r.t  reduced  temperatures  at  the  wall.  With  a  stationary 
process  this  can  lead  to  the  appearance  of  a  film  of  condensate. 

If  the  surface  temperature  is  sufficiently  low,  then  the  existence 
of  solid  oxide,  covered  on  top  by  a  liquid  film,  is  possible. 

From  gas  to  the  surface  of  film  in  this  instance  heat  is  supplied 
by  three  types  of  heat  emission:  radiation,  convective  and  heat 
emission  connected  with  heat  liberation  during  condensation. 

Calculation  of  friction  and  convective  heat  exchange  in  the 
rocket  engine  chamber  is  based  on  solution  of  boundary  layer 
equations,  or  on  crlterlal  relationships,  obtained  by  generall zation 
of  experimental  data. 
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Besides  purely  systematical  features,  connected  with  use  of 
the  theory  of  turbulent  flows,  large  difficulty  is  involved  in 
reliable  determination  of  properties  of  the  working  medium  in  the 
boundary  layer.  It  is  caused  by  nonuniformity  of  flow  parameters, 
its  properties  and  composition  along  the  cross  section  of  the 
chamber,  possible  chemical  nonequilibrium  in  the  boundary  layer. 

lJl. 2.  Calculation  of  Convective  Heat  Exchange  and  Friction 
in  the  Boundary  Layer  of  Reacting 
Gas  (V.  M.  Iyevlev  Method) 

Investigations  of  heat  exchange  and  friction  on  the  basis 
of  boundary-layer  calculation  are  presented  in  the  works  of 
V.  M.  Iyevlev,  V.  S.  Avduyevskiy,  S.  5.  Kutateladze,  M.  F.  Shirokov 
and  others.  Below  are  listed  basic  moments  of  the  solution  of 
V.  M.  Iyevlev  [3]»  [4],  frequently  utilized  in  practical  calculations. 

Laws  of  Friction  and  Heat  Exchange 
for  Incompressible  Liquid 
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For  solution  of  differential  equations  (14.22),  (14.23)  additional 
regularities  of  friction  and  heat  emission  must  be  obtained.  Their 
derivation  is  based  on  the  following  considerations. 

Let  us  assume,  as  is  usually  done  In  boundary  layer  theory, 
that  during  flow  of  liquid  along  the  wall  the  heat  flow  and 
friction  at  each  place  depend  on  local  values  of  physical  constants, 
ATq,  and  also  on  quantities  characterizing  the  development  of 
thermal  and  dynamic  boundary  layer:  thickness  of  loss  of  energy 
fiTi#  and  thickness  of  pulse  loss  $••.  In  accordance  with  equations 
(14.22),  (14.23)  it  is  possible  to  write: 
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with  use  of  dimensionless  quantities 
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a,-a„(ReJ,  Rc.r,  Pr):  ( 1 M  .  25) 

a  =  a(Re»\  (14.26) 

—  .M  "*  ,  *• 

where  Re»= - ,  Re8).  = -  -  characteristic  Reynolds  numbers; 

i  '  n 

a K  ■  %-  -  coefficient  of  convective  best  emission;  a  —  — 

o  o«£ 

friction  coefficient. 


Instead  of  characteristic  Reynolds  numbers  let  us  Introduce 
new  arguments: 


2  — 


a 


(1H.27) 


In  this  case,  as  investigations  show, 

—  «  const.  (14.28) 

*T 

Considering  equalities  (14.27),  let  us  now  present  relationships 
(14.25)  and  (14.26)  so: 


0«~aB(z,  gr,  Pr);  a=a(*).  ( 14.29) 

Laws  of  friction  and  heat  emission  1 14.29)  are  derived  in  two 
ways:  by  utilization  of  semi-empirical  theory  of  turbulent  boundary 
layer  and  by  utilization  of  available  experimental  data.  Comparison 
of  regularities  obtained  in  this  way  allows  establishment  of  some  final 
form  of  these  laws. 

For  axisynunetric  flow  with  a  smooth  wall  over  the  range 
z  ■  10^-10^ ;  Pr  ■  0.7-2000;  z/z„  «  0.3-3. 5  when  Pr  ■  1.0  and 

— /i  h  ”*■ 

z/zT  *  10  -10  when  Pr  ■  1000,  V.  M .  Iyevlev  obtained  the  following 

relationships : 
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(1^.30) 


307.8  +  54. 8lg2 


pr0.45jO.C8  _  ggQ 


(WPr-0.56 


a  =0,03327e-°  r4  +  3,966- 10“4  . 


(14.31) 


With  satisfactory  accuracy  expressions  (14.30)  and  (14.31) 
approximate  known  experimental  data,  and  also  various  empirical 
formulas,  obtained  for  particular  bases  (for  example,  z  *  zT> 

Pr  «  1.0). 


Scheme  of  Solution  of  Boundary  Layer  Equations 

Subsonic  and  supersonic  gas  flows  possess  a  whole  series  of 
features,  distinguishing  them  from  flows  of  incompressible  liquid. 
However,  if  we  consider  only  the  questions  of  friction,  heat  exchange 
and  diffusion  in  the  boundary  layer  without  compression  shocks,  then 
between  flows  of  incompressible  liquid  and  gas  no  qualitative 
differences  are  discovered.  Basic  differences  are  quantitative: 
for  incompressible  liquid  properties  across  the  boundary  layer  are 
constant,  and  for  gas  they  depend  on  temperature  and  pressure.  This 
is  valid  even  for  mixtures  of  gases,  lncludlng^or  those  dissociated 
with  effective  values  of  temperature  and  thermal  capacity. 

S 

It  can  be  expected  that  the  regularities  for  heat  emission  and 
friction  on  the  wall  in  case  of  gas  flow  will  be  the  same  as  in  the 
case  of  flow  of  incompressible  liquid,  if  as  physical  constants  of 
gas  we  use  certain  mean  values  of  them  in  boundary  layer.  It  is 
expedient  to  assume  that  as  the  indicated  mean  values  of  constants 
we  can  take  their  values  at  some  determining  boundary  layer  tempera¬ 
tures,  computed  identically  for  various  cases  of  gas  flow. 

Selection  of  corresponding  effective  temperature  for  turbulent 
flow  of  reacting  gases  presents  definite  difficulties.  Although 
the  average  temperature  is  determined  formally  by  relationship 
(14.8),  the  composition  at  this  temperature  cannot  correspond 
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simultaneously  to  che  value  of  enthalpy  in  the  equation  of  energy,  gas 
constant  in  the  equation  of  state  and  to  other  properties  depending 
on  the  composition.  The  effect  of  change  of  composition  can  be  excluded 
if  for  the  basis  we  take  the  composition  of  undissociated  mixture  at  the 
same  initial  conditional  formula  of  propellant.  Inasmuch  as  the 
quantity  of  total  enthalpy  is  approximately  proportional  to  product 
RT,  then 
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where  index  "ha"  pertains  to  undissociated  mixture,  index  "a"  -  to 
dissociated . 

If  the  following  equality  is  valid 

/  =/  ( 1H  .  32) 

/«a  'a* 


then 


(14.33) 

Value  of  specific  gas  constant  R  of  undissociated  gas  for  all 
practical  purposes  does  not  depend  on  temperature  and  pressure,  there¬ 
fore  in  many  instances  it  is  not.  necessary  to  solve  equation  (14.32) 
for  determination  of  temperature  THfl  and  RHfl.  Having  cc/.pleted 
thermodynamic  calculation  at  prescribed  pressure  p  and  rather 
low  temperature  (for  hydrocarbon  propellants  on  the  order  of 
1300°K),  we  take  the  found  value  of  gas  constant  as  R  .  Now  from 
equality  (14.33)  let  us  determine  the  static  temperature  of 
undissociated  gas: 


(14.34) 

"hi 

It  is  obvious  that  equation  (14.32)  is  satisfied  only  approximately 
as  a  result  of  inaccuracy  of  R  .  However,  the  real  value  of  T  , 

HA  HA 

uetermineu  from  conuition  (14.32),  and  T  from  equation  (14.34) 
are  usually  acceptable  close  to  each  other. 
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Magnitude  of  temperature  T  corresponds  to  the  value  of  static 
enthalpy  I;  to  the  value  of  stagnation  enthalpy  I*  will  correspond 
stagnation  temperature  T0,  -  effective  gas  temperature. 


Inasmuch  as  stagnation  enthalpy  is  usually  equal  to  enthalpy 
of  working  medium  in  the  combustion  chamber,  for  calculation  of 
To,  the  following  formula  can  be  recommended: 


where 


To,  — 


(14.35) 


*:k 


(14.36) 


and  Ti 


is  determined  with  the  aid  of  equation  (14.32)  when 


V 


Analogous  to  temperatures  T  and  T0,  it  is  possible  to  introduce 
into  examination  the  effective  thermal  capacity  of  undissociated 
gas,  which,  as  is  simple  to  note,  corresponds  to  usual  frozen  thermal 
capacity.  Effective  thermal  capacity  is  calculated  by  the 
composition  of  undissociated  gas,  at  temperatures  and  To,. 

In  calculations  there  is  used  certain  mean  value  of  thermal  capacity 
Cpm  over  temperature  range  Tun- To, . 

When  determining  the  "average"  temperature  in  the  boundary 
layer  —  determining  temperature,  the  following  positions  are  used. 
Mean  stagnation  temperature  and  velocity  of  motion  in  the  boundary 
layer  are  respectively  equal  to 
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Then  the  determining  temperature  T, 


is 


2  «<>,, 


or  taking  into  account  equation  (14.24) 


Tm  =  T0, 


l  +  T„ 

2 


(14.39) 


(14.40) 


Now  we  can  derive  laws  of  friction  and  heat  emission  for 
the  case  of  turbulent  gas  flow.  An  important  moment  in  this  case 
is  the  selection  of  characteristic  quantities  of  density  t*m  and 
Tim.  These  quantities  are  calculated  when  determining  the  boundary 
layer  temperature  Tm.  In  this  case  it  turns  out  that  quantities 
z  and  zT  for  gas  can  be  found  through  values  of  these  quantities 
for  incompressible  liquid,  for  which  p  ®  dx  and  n  *  nx.  Characteristic 
values  of  px,  nx  can  be  selected  so  that  values  of  q™  ,  and  Qm  do  not 
enter  expressions  (14.30)  and  (14.31),  utilized  for  gas.  After  a 
series  of  conversions  and  some  assumptions  V.  M.  Iyevlev  obtained 
the  following  formulas  for  a  and  o  ,  valid  for  compressible  liquid: 

n 


+  rc 


A 1 


/  ■  +  fcr  A»  \ 

A  2  A  K, 


o.u 


0.WS5 


1 307. 8  +  54.8  Ig2  Pr°  «  jo  m-  550 

,  v«,0»rr-°  56 


(14.41) 


a = (0,003327 -*-0”4  +3,966- 10"4) 


1  +  fCT 

A* 

2 

(  i  +  r*r- 

l  2 

«  L 

(14.42) 


where  index  cp  pertains  to  average  quantity  with  respect  to  the 
nozzle. 


1 


In  this  case 


Ox  = 


O  T  (  3  +  ^t  9  A7?15 

—  -  nA,l  l— — t) 


(14.43) 


(14  . Ill* ) 
(14.45) 


For  the  purpose  of  simplicity  of  integration  of  differential 
equations  (14.22),  (14.23),  expressions  (14. 4l)  and  (14.42)  are 
approximated  by  power  dependences  of  form 


o,-/zrPr" .  1 

o ~Axr\  I 


(14.46) 


where  A  ■  const;  n*<0,15; /n»0,58. 


Solution  of  integral  relationships  (14.22),  (14.23)  with 
allowance  for  a  number  of  simplifications,  reliability  of  which  is 
checked  by  calculation,  gives: 


i,g  ?  f  Ire'Ll'-’  [  -i 

l  i  —  fcr  (■*■)  J  [.d  (■*)  J  n7« 


(*l)  d f» 

cSa 


(14.47) 


where  coordinate  x^  is  counted  along  the  axis,  and  x  -  along  the 
generatrix  of  the  nozzle. 


In  formula  (14.47)  the  constant  of  integration  is  accepted 


equal  to  zero,  and  integration  begins  from  conditional  origin  x. 


0, 


starting  with  which  there  exists  an  already  developed  turbulent 
boundary  layer. 


Let  us  pause  in  detail  on  the  formulas  necessary  for  calculation 
of  convective  heat  exchange. 


In  the  case  of  a  rocket  engine  chamber  the  integral  in  expression 
(14.47)  is  usually  written  in  the  form  cf  tiie  sum  of: 
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In  this  case  the  first  component  pertains  strictly  to  the  combustion 
chamber,  the  second  -  to  the  nozzle. 

In  many  practically  important  cases  during  calculation  of  the 
first  integral  in  formula  (14.48)  it  is  possible  to  disregard  the 
change  in  parameters  along  the  length  of  the  combustion  chamber, 
especially  as  quantity  z™  enters  the  expression  for  q  in  power 

I  K 

0.15.  Then  for  a  cylindrical  chamber 


q*Wx-‘-x„ 

J  n.r 


(14.49) 


where  quantity  x  is  taken  from  some  conditional  origin: 

K 


=tL„.  (14.50) 

For  (WPA)  [ ZhRD  -  liquid-propellant  rocket  engines]  quantity  e 
characterizes  the  position  of  flame  front  and  is  usually  taken  equal 
to  0.75.  Calculations  show  that  when  c  *  0.3,  0.75,  0.9  the 
differences  in  q^  for  the  throat  comprise  only  several  percent. 

Sequence  of  Determination  of  Specific  Convective 
Heat  Flows  and  Tangential  Friction  Stress 

Let  us  pause  in  particular  on  the  determination  of  separate 
quantities  and  the  sequence  of  calculation  of  specific  convective 
heat  flows. 

1.  The  composition  of  undissociated  mixture  is  determined  by 
methods  cited  in  Chapter  VI.  Calculation  is  performed  at  assigned 
p  and  T;  in  this  case  the  temperature  of  undissociated  working 

H 

medium  is  designated  equal  to  1000-1300°K.  Composition  (number  of 

moles  n  )  is  necessary  for  determination  of  the  molecular  weight 
n  J 

of  tiie  mixture,  gas  constant  R  ,  thermal  capacity  and 

H  ,Q 

coefficient  cf  iynamic  viscosity  n  . 


jt,6 


L 


2.  Effective  temperature  T0l  is  calculated  in  accordance  with 
formulas  (14.35)  and  (14.36).  Temperature  T ^  in  this  case  is 
determined  from  equation 

£*/««M7’)=/ti»TAft.  (14.51) 

i 

As  calculations  show,  when  T »  300Q-400G°K  the  values  of 
T'to  and  practically  coincide. 

3.  Thermophysical  coefficients,  entering  Pr  number,  are 
calculated  according  to  the  composition  of  undissociated  mixture 
at  the  determining  temperature  in  boundary  layer  Tm  (14.40).  For 
the  sake  of  simplicity  of  calculations  the  Pr  number  can  be  taken 
constant  and  equal  to  0.75* 

4.  Specific  convective  heat  flow  q  and  tangential  friction 
stress  t  are  determined  in  the  following  manner.  By  formulas 

C  T 

(14.47)  and  (14.28)  for  given  value  of  we  find  quantity  zm 
also  ratio  z/z^.  In  this  case  the  wall  temperature  Tct  Is  considered 
assigned,  and  the  value  of  velocity  i?x,  necessary  for  calculation 
of  quantity  A  by  formula  (14.24),  Is  determined  by  gas-dynamic 
relationships.  Then  by  formulas  (14.41)  and  (14.42)  we  consider 
quantities  aH ,  a  and  determine  qM  -  qcT  and  tct: 

xrT=  (14.52) 

where 

A?'= 

In  all  cases  the  integral,  which  entered  the  formula  for  zT, 
is  determined  by  numerical  integration.  It  is  recommended  to  take 
ratio  z/zT  equal  to 

*  1.25 
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Some  relationships  necessary  for  calculations  (propellant 
kerosene  +  0^^)  are  listed  on  Figs.  14.3-124.6. 


Fig.  14.3.  Effective  temperature 
of  combustion  products  of  propel¬ 
lant  kerosene  +  0-UJ. 


Fig.  14.4.  Coefficient  or 
viscosity  of  combustion  products 
of  propellant  kerosene  +  0ow 

(multiplied  by  10^). 
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Pig.  1 4 . 6 .  Gas  constant  of 
undissociated  combustion  products 
of  propellant  kerosene  +  °2HT 


Conversion  of  Specific  Convective  Heat  Plows 

Prom  analysis  of  formulas  for  qK  it  is  easy  to  see  the 
relationship  of  specific  convective  heat  flow  to  properties  of 
propellant,  pressure  in  the  combustion  chamber,  wall  temperature, 
and  geometry  of  the  chamber.  With  change  of  at  least  one  of  these 
factors  repetition  of  laborious  calculation  of  convective  heat  flows 
is  required.  This  can  be  avoided  by  the  following  means. 

2 

In  formula  (14.43)  for  px  let  us  disregard  quantity  A 
and  let  us  take  the  temperatures  from  under  the  sign  of  integral 
for  z,p,  considering  them  constant.  Instead  of  absolute  values  of 
pressure  and  diameter  in  the  formula  for  zT  let  us  use  their  relative 
quantities  p/pu,  d/dun.  Let  us  represent  velocity  by  approximate 


formula 


=  A A  J/ 

Then  the  expression  for  zT  takes  the  form 


1,2K  iZ j  *'£***  ii/ 

^f(¥rJ  -■* 


(14.53) 
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In  an  analogous  way  by  using  equation  of  state  and  formula 
( 1  It .  1| 6 )  let  us  convert  the  expression  for  q  : 

K 


(14.54) 


Let  us  substitute  the  value  of  z,p  from  formula  (14.53)  in 
expression  (14.54)  for  heat  flow  q  and  let  us  compare  the  values 

K 

of  for  geometrically  similar  chambers  in  sections  where 

d/d  =  idem.  Inasmuch  as  in  similar  sections  with  identical  d/d  , 

Hp  wp 

the  values  of  P/PH >  A  are  also  identical,  then 
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where 


(r-u-f rCI)0  M < (3To,  +  rc ,)••'* ’ 


Calculation  determination  of  the  viscosity  coefficient  at 
high  temperatures  is  an  estimate.  Therefore,  into  the  formula 
for  S  Instead  of  nx  It  Is  expedient  to  introduce  viscosity  coefficient 
n  at  some  normal  temperature  T  ,  for  which  experimental  data  can 
be  known. 


Let  us  use  exponential  function  of  form 


or  taking  into  account  the  formula  for  Tm cp  and  gas-dynamic 
relat  ion:  hips 


t  - 1 

*  n 


_ 
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During  comparison  of  heat  flows  for  two  geometrically  similar 
chambers  the  expressions  in  curly  brackets  will  be  reduced,  inasmuch 
as  they  weakly  depend  on  T  and  relationship  of  thermal  capacities  k. 

C  T 

With  allowance  for  this  and  assuming  n  =  0.15,  we  finally  obtain  the 
following  formula  for  conversion  of  convective  heat  flows: 

-Is. 

«>*  Va«/  l  *.,  /  V 


(14.55) 

(15-56) 
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Quantities  with  index  "0"  pertain  to  "standard"  chamber,  i.e., 
to  a  chamber  for  which  calculated  or  experimental  values  of 
specific  convective  heat  flows  are  known. 

Formula  (14.55)  permits  indicating  the  relationship  of 
to  pressure  in  the  combustion  chamber,  properties  of  combustion 
products  and  geometry  of  the  passage.  The  last  relationship  Is  weak 
(power  0.15),  therefore  with  utilization  of  conversion  formula 

observance  of  strictly  geometrical  similarity  is  optional. 

S 

14.3.  Utilization  of  Criterion  Relations 
for  CalculatloTT  of  Convective 
Heat  Exchange 

For  calculation  of  convective  heat  exchange  in  heat  engineering 
criterion  relationships  were  widely  distributed.  These  relationships, 
based  upon  experimental  investigation  cf  heat  exchange  during  turbulent 
flow  in  long  straight  pipes,  are  recommended  in  a  number  cf  works 
for  calculation  of  heat  exchange  in  a  rocket  engine  chamber. 

The  value  of  specific  convective  heat  flow  qK  from  gas  to 
the  wall  in  case  of  high  velocities  of  motion  of  ga3  is  determined 

by  formula 


Qh  E  o i(T, - Trj  |  )  , 


(14.57) 
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where  a,  —  coefficient  of  convective  best  emission  from  gas  to  the 

p 

wall  in  W/m  «deg;  Tp  —  effective  temperar are  on  the  outer  limit  of 
boundary  layer;  T  —  temperature  of  the  wall  on  the  part  of  gas. 

C  I  *1 

The  relationship  between  stagnation  temperature  in  the  flow 
T*t  and  Tg  can  be  established  with  the  aid  of  temperature  recovery 
factor 


r- 


(14.58) 


where  T,  -  thermodynamic  (static)  gas  temperature  in  basic  flow. 


Value  of  recovery  factor  r  is  determined  experimentally,  or 
by  semiempiric a 1  formula 


r 


Pr. 


(14.59) 


For  turbulent  boundary  layer  in  a  mixture  of  diatomic  and 

multiatomic  gases  r  «  0.89-0.91.  Magnitude  of  stagnation  temperature 

in  basic  flow  T\  and  flow  velocity  are  usually  known,  therefore 

we  have  all  data  available  for  determination  of  T  . 

e 

For  calculation  of  the  coefficient  of  convective  heat  emission 
n,  in  case  of  forced  convection  we  use  criterion  relationships  of 
type 

Nu=«Re  "Pr", 


where  ^  —  _  Nusselt  number; 

Re  —  —  —  Reynolds  number; 

*1  * 

—  Prandtl  number; 

/—  characteristic  length; 
a,  m,  n-  constants  determined  experimentally. 


(14.60) 


Relationships  (14.60)  are  valid  over  the  range  of  determining 
criteria,  covered  by  the  experiment.  The  determining  temperature, 
to  which  pertained  thermophysical  parameters  cf  working  medium  — 

»|.  >.  ,  must  be  specially  stipulated.  As  characteristic  length  we 


usually  use  equivalent  diameter  of  section  dj~  —  ,  where  F  -  area, 

n 

and  n  —  perimeter  of  section  of  channel.  For  round  sections  quantity 
dg  coincides  with  inside  diameter  d. 

For  conditions  similar  with  conditions  in  the  rocket  engine 
chamber,  we  recommend  assuming  m  -  0.8;  n  =  0.4  and  a  =  0.025-0.028. 

Let  us  take  the  value  of  factor  a  equal  to  0.026,  and  product 
wp,  entering  the  Reynolds  number,  let  us  replace  by  ratio  G/F, 
equal  to  it.  Then  from  criterion  relationship  (14.60)  we  obtain 
the  calculation  formula  for  «,  : 

a,=0,026f,nMiJ3Pr-M(i-)M.  (14.61) 

P  2 

Dimension  a.  —  W/m  *deg,  if  c_  —  in  J/kg.deg,  n  —  in  N*s/m  , 

P  2 

d  -  in  m,  X  -  in  W/m*deg,  G  -  in  kg/s,  F  -  in  m  . 

Thermophysical  parameters  in  equation  (14. 6l)  should  be 
determined  at  mean  temperature  of  boundary  layer,  equal  to 

(14.62) 

There  have  been  proposed  other  methods  of  selection  of  mean 
(determining)  temperature  of  boundary  layer,  aimed  at  more  accurately 
considering  the  variability  properties  of  the  working  medium  in 
boundary  layer  by  empirical  means. 

For  example,  Bartz  [7]  offered  relationships,  which  can  be 
presented  in  the  form 


T'er  r)»  (14.63) 

a, = 0,026 Jq  Pr-M  (-2-  )**  ( fSL  )#' ' V .  (14.64) 

where  r  -  radius  of  curvature  of  wall  in  the  considered  Jccticr.; 

0  -  parameter  considering  the  change  of  properties  of  gas  across  the 
boundary  layer. 
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It  is  recommended  to  calculate  quantity  a  by  formula 


3  =TT 


MM0-*  /  _*)_  \0-2 
UrJ  ’ 


(14.65) 


where  quantities  p,  n  are  calculated  at  determining  temperature 

(T,  -  T'ctt)  -t-0,22Pr,/1(7‘*—  T„  r),  (14.66) 

Friction  stress  on  the  wall  can  be  found  on  the  basis  of  hydro¬ 
dynamic  theory  of  heat  exchange,  establishing  the  generality  of 
transfer  processes  with  friction  and  convective  heat  transfer.  With 
number  Pr  ^  0.7  the  calculated  expression  has  the  form 

Tct  =  0,8  &0,,,  (14.67) 

ep 

where  a  —  critical  flow  velocity. 

K  P 

All  the  given  formulas  far  from  reflect  the  specific  conditions 
of  heat  and  mass  exchange  between  gas  flow  and  the  rocket  engine 
chamber  wall.  Therefore,  their  application  for  calculation  of  heat 
exchange  and  friction  in  rocket  chambers  can  give  only  roughly 
approximate  results. 


14.4 .  Calculation  of  Radiative  Heat  Exchange 


According  to  Stefan-Boltzmann  law  specific  radiative  heat  flow 
is  considered  by  formula 


(14.68) 


where  5.764  —  radiation  factor  cf  absolute  blackbody;  eCT  -  effective 
emissivlty  factor  of  the  wall;  e,  -  emissivity  of  gas  at  T.  0 K; 

•'1..  -  absorbing  power  of  gas  at  r,ir°K. 


Attention  should  lc  drawn  to  the  fact  that  r-uantlty  /,  is  riot 
st  agnat  i  >  ,  tut  the  t  hernu  dynamic  temperature  of  gas. 


J7 l' 


Inasmuch  as  the  wall  temperature  in  a  rocket  engine  chamber 
is  usually  much  lower  than  T,  ,  radiation  of  walls  plays  a  small 
role.  Therefore,  by  disregarding  the  second  term  in  formula  (14.68), 

we  obtain 

^=5,764*;^  (^)4.  (14.69) 

The  effective  emissivity  factor  of  gases  is  determined  by  the 
method  discussed  in  Chapter  VII. 

In  view  of  the  indeterminancy  of  the  state  of  wall  surface 
its  effective  emissivity  factor  e'  is  determined  as  arithmetic 

C  T 

mean,  of  the  emissivity  factor  of  wall  surface  r  (absorption  of 

—  C  T 

heat  with  single  incidence  of  beam)  ana  one,  corresponding  to  total 
absorption  of  heat  with  repeated  reflections  from  the  inside  surface 
of  the  chamber: 


=  (11.70) 

Values  of  emissivity  factor  ecT  depend  on  material  and  the  states 
of  its  surface  (presence  of  oxide  film,  contamination,  etc.)  and  are 
listed  in  reference  books.  The  presence  of  soot  on  walls  sharply 
increases  e  . 

CT 

One  should  note  that  utilization  of  the  discussed  methods  of 
calculation  of  radiative  heat  exchange  is  quite  justified  only  when 
combustion  products  are  uniform  along  the  cross  section  of  the  chamber. 
With  the  presence,  for  example,  of  boundary  layer,  the  composition 
of  which  substantially  differs  from  the  composition  in  the  nucleus 
of  flow,  the  picture  of  phenomena  is  complicated  due  to  mutual 
radiative  heat  exchange  between  layers . 

Calculation  of  q^  in  such  cases  must  be  modified. 


14.5. 


Dlstrlbut ion  of  Specific  Heat  Flows 
Along  the  Chamber  Passage 


Total 

convective 


specific  heat  flow  to  the  chamber  walls  is  made  up  of 
and  radiative  heat  flows: 


[Translators  note: 


Q—Qn+qn- 

k  ■  convective; 


(14.71) 

n  =  radiative.] 


Let  us  examine  the  change  of  components  of  heat  flow  q  and 

K 

q  along  the  chamber  passage.  Distribution  of  q  can  be  perceived 

•  <  K 

from  analysis  of  change  of  quantities,  which  determine  quantity  qu 

H 

according  to  formulas  (14.52)  and  (14.57). 


It  is  simpler  to  analyze  formula  (14.57).  Change  of  effective 
temperature  on  the  external  border  of  boundary  layer  7C  scarcely 
differs  from  change  of  T\  .  These  changes  are  relatively  small 
and  for  qualitative  analysis  it  is  possible  to  take  temperature 
Te  constant. 

Distribution  of  wall  temperature  on  the  part  of  gas  T 

C  T  *1 

can  be  various.  With  usual  relationships  between  T  and  T  „ 

e  ct  .  r 

the  change  of  Tct  by  100-200°  leads  to  change  of  difference 

(7V— fcT.r)  by  5-10^  in  all.  Therefore,  for  qualitative  analysis  of 
the  distribution  of  heat  flows  we  will  consider  difference  ( Te — 7Vr.r) 
constant . 


Thus,  change  of  q  is  determined  by  change  in  the  coefficient 
of  heat  emission  a,.  As  follows  from  formula  (14.61),  maximum  of 
o,  coincides  with  maximum  of  quantity 


1  (Cl  \0.8_ 

dM  \  r  )  rf0-5 


(14.72) 


since  quantities  Pr,  c  ,  and  n,  determined  at  mean  temperature, 
are  close  to  constant.  Complex  of  quantities  (14.72)  has  maximum 
in  the  section  with  the  least  area,  i.e.,  in  the  throat.  Specific 
convective  heat  flow  has  analogous  character  of  change,  shown  In 
Fig.  14.7. 
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Fig.  14.7*  Distribution  of 
specific  heat  flows  along  the 
chamber  passage. 


Distribution  of  specific  radiative  heat  flow  depends  mainly  on 
the  change  of  thermodynamic  temperature  T, .  In  connection  with 
this,  one  should  expect  an  intense  drop  of  in  the  nozzle. 
However,  on  the  section  before  the  nozzle  throat  the  chamber  walls 
quite  substantially  absorb  radiative  heat  flow  from  combustion 
products,  whicn  re  located  in  the  combustion  chamber  and  have  high 
temperature.  Therefore,  drop  of  qfl  on  the  nozzle  section  does  not 
begin  at  once;  this  drop  is  very  intense  in  the  supercritical 
part  of  the  nozzle,  where  beams  from  the  combustion  chamber  do 
not  fall  for  all  practical  purposes. 

Considering  the  degree  of  approximation  of  calculation  of 
radiation,  it  is  expedient  to  compute  dnly  for  the  combustion 
chamber.  Quantity  in  other  sections  of  the  chamber  can  be 
determined  empirically. 

1.  Starting  from  the  nozzle  inlet  to  a  section  in  the 

subcritical  part  of  the  nozzle  with  diameter  d  =  1.2  d  radiative 

wp 

heat  flow  is  considered  constant  and  equal  to  q  ,  calculated 
by  average  gas  parameters  in  the  end  of  the  combustion  chamber. 


2.  In  the  nozzle  throat  radiative  flow  is  assumed  equal  to 


°-5  v«- 
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3.  In  the  supercritical  part  of  the  nozzle  there  Is  assumed: 

a)  in  the  section  with  diameter  d=l,5t/„p;  9.1=0, 

b)  in  the  section  with  diameter  d=2,bdHV\ 

On  the  section  of  the  combustion  chamber  of  a  liquid-propellant 
rocket  engine,  beginning  from  a  distance  of  50-100  mm  from  the  head, 
radiative  heat  flow  is  constant  and  equal  to  q  ;  directly  near 

/1  •  K 

the  head  -  0.25  q 

.K 

Radiative  heat  flow  to  the  wall  of  the  combustion  chamber  of 
RDTT  additionally  depends  on  the  arrangement  of  charge  In  the  engine. 
Typical  distribution  of  q^  is  shown  in  Fig.  14.7. 

Change  of  total  specific  heat  flow  is  determined  by  change  of 
q  and  q  .  Small  displacement  of  maximum  from  the  critical  section 

H  *  I 

to  the  subcritical  part  of  the  nozzle  is  characteristic  for  It. 

Thus,  In  any  event  the  most  thermally  stressed  zone  Is  the 
critical  section  of  the  nozzle,  which  requires  effective  protection. 

Absolute  value  of  q  depends  primarily  on  the  type  of  propellant 
being  applied  and  the  temperature  of  its  combustion  products.  For 
each  propellant  maximum  of  q  is  obtained  with  component  ratios 
of  propellant  corresponding  to  maximum  temperature  of  combustion 
products  . 

The  pressure  substantially  affects  the  magnitude  of  specific 
heat  flows.  With  increase  of  pressure  the  density  of  working 
medium  p  and  quantity  pw  Increases,  on  which  the  specific  convective 
heat  flow  basically  depends.  Since  quantity  q^  proportional  to 
(c®)0-*,  consequently,  <7k ~p°*.  This  is  evident  from  stricter  formula 
(14.55).  The  effect  of  pressure  on  specific  radiative  heat  flow 
Is  determined  mainly  by  the  relationship  of  emisslvity  factor  of 
gar.  to  pressure.  The  effect  cf  pressure  on  the  gar  temperature 
is  considerably  weaker. 
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As  can  be  seen  from  Fig.  14. 7,  the  relationship  between  convective 
and  radiative  heat  flows  is  changed  along  the  length  of  the  chamber. 

The  greatest  portion  of  radiative  heat  flow  will  come  to  the 
combustion  chamber.  It  increases  for  combustion  products  of  high- 
energy  propellants,  propellants  with  large  content  of  condensate 
and  for  large  sized  chambers. 


Some  tentative  values  of  specific  heat  flows  along  the  length 
of  the  nozzle  are  the  following: 

entrance  q  *  ( 1—5) *  10^  W/m2;  qH  =  (0.7-0.9)Q; 

throat  q  -  (20-80) -106  W/m2 ,  q  =  (0.85-0.95)  QS 

H 

exit  section  q  =  (0.5-3) • 106  W/m2,  q  ■  (0.97-0 .99)  Q* 

H 
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CHAPTER  XV 

LIQUID  ROCKET  FUELS 

In  this  chapter  the  features  of  liq\ id  substances  and  their 
characteristics  as  components  of  rocket  fuels  are  examined.  The 
characteristics  of  a  number  cf  typical  fuels  and  oxidizers,  and 
likewise,  the  basic  data  on  certain  used  and  promising  bipropellants 
(WPil)  [ZhRD  =  liquid-propellant  rocket  engines]  are  presented.1 

Liquid  unitary  fuels,  which  have  lew  energy  characteristics, 
are  used  In  gas  generators  and  auxiliary  engine  devices.  The 
specific  character  in  the  utilization  of  these  fuels  has  been  briefly 
examined  in  Chapter  XVII. 


.  1 .  Requirements  for  Fuels 

The  requirements  for  liquid  rocket  fuels  is  based  on  the  more 
general  requirement  of  creating  a  rocket  complex  with  a  minimum  of 
Investment  over  specified  ana  usually  short  periods. 


‘information  on  fuels  have  been  borrowed  basically,  from 
foreign  sources. 

0 


380 


Depending  on  the  designed  purpose  of  the  rocket  complex  the 
requirements  for  physical,  operational,  and  economic  indexes  of 
the  fuel  will  vary.  Thus,  in  a  case,  where  the  fuel  is  selected 
for  an  engine  of  a  military  rocket,  the  requirement  of  high 
combat  readiness  permits  the  use  of  only  those  fuels,  which  allow 
for  fueled-up  storage  in  launching  the  rocket .  The  rockets  are 
carriers,  designed  to  insert  an  artificial  earth  satellite  into 
orbit;  as  a  rule,  they  are  launched  at  a  prescribed  time  and  their 
prelaunch  preparation  must  be  planned  since  this  requires, 
specifically,  fueling.  In  this  instance  there  are  no  obstacles  in 
utilizing  cryogenic  fuels,  i.e.,  since  one  or  both  components  are 
liquified  gases. 

The  great  thrust  of  the  engines  of  heavy  rocket-carriers 
determines  the  consumption  of  large  quantities  of  fuel,  specifically, 
with  respect  to  engines  during  launching  pad  burn  off.  Therefore, 
for  example,  for  the  lower  stages  of  rocket-carriers  cheap  fuels, 
producible  in  large  quantities,  must  be  used. 

The  requirement  imposed  on  the  fuel  components  of  ZhRD  of 
antiaircraft  rockets,  which  are  stored  in  a  fueled-up  ready  condition 
out  of  doors.  Is  that  the  fuel  should  be  maintained  in  the  Lfr<fuid 
state  over  the  range  of  MjO°C.  S 

Prom  the  given  examples  It  is  evident  that  rather  varied 
requirements  are  imposed  on  a  fuel  depending  upon  the  intended 
purpose  of  the  engine.  Among  all  the  fuels  it  is  expedient  to 
separate  out  the  group  of  so-called  long-storage  fuels,  the 
components  of  which  consist  of  high-boiling  substances ,  which  can  be 
put  in  storage  in  the  tanks  of  rocket  or  other  containers  at 
ordinary  temperatures  and  pressures  without  substantial  losses. 

This  group  can  be  divided  into  specific  subgroups  such  as  fuels 
whose  components  have  the  most  desirable  physicochemical  features  and 
can  undergo  storage  for  many  years  in  hermetically  sealed  containers. 
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The  range  of  temperatures  and  pressures,  at  which  the  components 
must  be  kept  stable  is,  to  a  certain  degree,  arbitrary.  It  proposes, 
for  example,  in  relation  to  easily  stored  fuels  that  those  components 
whose  critical  temperatures  are  higher  than  ^70°C  (they  can  exist 
in  the  liquid  state  at  the  maximum  ambient  temperature),  the  vapor 
pressure  at  70°C  should  not  exceed  35  bars,  and  during  storage  -the 
rate  of  decomposition  should  not  exceed  1/G  per  annum  at  a  constant 
temperature  of  50°C  [10]. 

The  components  of  fuels  for  rockets  whose  tanks  are  also  fueled 
up  and  hermetically  sealed  at  the  plant,  generally  should  not 
decompose  in  storage. 

The  scope  of  application  of  stable  fuels  is  not  limited  to 
military  rockets.  In  certain  cases  engine  devices  of  space  equipment 
will  be  exposed  for  a  long  time  under  space  conditions  or  on  the 
surface  of  planets.  The  utilization  of  stable  fuels  in  such  cases 
must  simply  provide  for  the  avoidance  of  considerable  losses  during 
storage . 

Thus,  based  on  conditions  imposed  on  the  operational  charac¬ 
teristics  of  a  rocket  complex ,  all  fuels  can  be  divided  into  two 
major  groups.  One  group  includes  the  stable  fuels,  suitable  to  long 
storage,  the  other  —  everything  remaining  that  does  not  meet  this 
requirement,  specifically,  the  cryogenic  group. 

If  any  group  of  fuels  based  on  physicochemical  features  meets 
the  requirements  for  the  operational  characteristics  of  an  engine 
device,  further  selection  can  be  based  on  the  next  most  serious 
requirement  for  fuels. 

1.  High  energy  characteristics,  i.e,,  high  values  of  specific 
thrust  and  density  of  fuels.  The  sum  total  of  these  two  parameters 
must  provide  for  the  creation  of  a  rocket  of  minimum  over-all  sizes 

.j.I~id  Weight, 
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2 .  The  possibility  of  creating  an  effective  and  reliable 
engine  device.  The  fuel  used  makes  It  possible  to  obtain  the 
practical  energy  characteristics  of  the  engine,  close  to  theoretical, 
as  determined  by  thermodynamic  calculation.  This  Implies,  for 
example,  that  the  process  of  combustion  must  be  rather  complete,  must 
not  appear  of  large  losses. 

The  utilization  of  self-igniting  fuels,  i.e.,  fuels,  in  which 
the  combustible  component  and  the  oxidizer  combust  upon  contact  with 
each  other  without  a  supply  of  energy  from  the  outside,  also 
simplifies  the  design,  and  consequently,  increases  the  reliability 
of  the  engine.  Adequate  cooling  features,  lack  of  danger  of 
decomposition  and  of  the  explosion  of  components,  non-corrosiveness 
to  the  structural  material  all  provide  for  a  high  degree  reliability 
of  the  engine  with  low  costs . 

Some  of  the  noted  features  can  be  improved  or  have  been 
accomplished  as  a  result  of  conducting  special  research.  Such 
research  should  include  the  realization  of  self-ignition  by  using  a 
special  additive  with  the  combustible  exponent  or  oxidizer,  by 
lowering  the  corrosiveness,  by  reducing  the  tendency  toward 
decomposition,  and  others. 

3.  The  possibility  of  safer  operational  characteristics.  It 
is  advisable  that  the  combustible  component  be  less  inflammable 

in  order  that  it  will  not  self-ignite  in  air.  The  components  of  the 
fuel  should  have  less  tendency  toward  ignition,  decomposition  and 
explosion  during  handling  even  when  in  accidental  contact  with 
various  substances.  The  utilization  of  components  having  low 
toxicity  facilitates  handling  them  safely  during  the  production 
process,  in  powering  up  the  engines  and  in  using  rocket  components 
with  low  consumption. 

4.  Good  economic  indexes.  Fuels,  designed  for  extensive 
utilization,  should  take  into  account  their  production  in  a  quantity, 
which  meets  all  the  demands  of  rocket  technology.  It  is  advisable, 
that  the  components  find  application  in  branches  of  the  national 
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economy,  not  related  to  rocket  technology.  The  latter  can  provide 
for  a  substantial  expansion  of  production  scales  of  components  and 
a  reduction  in  their  cost.  The  low  cost  of  1  kg  of  fuel  is  desirable, 
but  first  of  all  analysis  of  the  effect  cf  fuels  to  the  cost  of 
achieving  the  goal  set  for  the  developed  rocket  complex,  is  required. 
In  this  case  without  exceptions,  the  variant  with  a  more  expensive 
fuel  will  be  cheaper. 

Such  are  the  basic  requirements  of  liquid  rocket  fuels. 

Naturally,  there  is  no  fuel,  which  ccmpxetely  meets  all  the  above 
examined  requirements.  In  each  concrete  case  there  is  some  charac¬ 
teristic  that  determines  the  selection  of  the  combustible  component 
and  the  oxidizer. 

15.2.  Physicochemical  Features  of  Components 

The  melting  point,  dependence  of  saturation  pressure  on 
temperature  and  the  rate  of  spontaneous  decomposition  of  the  component 
comprise  those  physicochemical  features,  which  determine  the  long 
storage  life  or  utilization  of  the  component  in  rockets  with  plant 
servicing. 


Tables  15.1  and  15.2  and  Figs.  15.1-15.3  present  the  above 
indicated  features  of  certain  fuels  and  oxidizers  together  with  such 
characteristics,  as  density,  heat  of  evaporation  and  boiling  point. 

From  the  presented  data  it  is  evident  that  such  fuels,  as  for 
example,  hydrazine,  asymmetrical  dimenthylhydrazlne ,  monomethyl- 
drazine,  kerosene  and  per.taborane  are  stable,  and  they  possess  good 
physical  features  suitable  for  long  storage.  Those  possessing 
properties  of  oxidizers,  are  for  example,  nitric  acid,  nitrogen 
tetroxice,  chlorine  trifluoride  and,  to  a  lesser  extent,  due  to 
chemical  instability,  hydrogen  peroxide  and  others. 
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Table  15.2.  Physical  properties  of  fuels  and  oxidizers 
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Fig.  15.1.  The  dependence  of 
saturation  pressure  on  tem¬ 
perature  for  certain  oxidizers. 


Fig.  15.2.  Dependence  of  satura¬ 
tion  pressure  on  temperature  for 
certain  fuels. 
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Pig.  15.3.  Dependence  of 
density  of  certain  components 
on  temperature . 


The  density  values  of  the  components,  given  in  the  table  and 
in  Pig.  15.3,  show  that  the  high-boiling  oxidizers,  such  as  nitrogen 
tetroxice,  hydrogen  peroxide,  and  nitric  acid,  considerably  surpass 
the  widely  used  cryogenic  oxidizer  -  liquid  oxygen  according  to 
this  index;  thus,  the  weight  characteristics  of  engine  devices  of 
rockets  using  these  acldlflers  is  vastly  improved. 

Among  the  fuels  -  hydrazine  for  example,  has  a  high  density  and 
liquid  hydrogen  -  very  low  density.  It  should  be  nfefc«d  that  the 
density  of  one  component  is  not  the  determining  factor.  Thus, 
hydrazine  based  on  derslty  is  substantially  better  than  dimethyl- 
hydrazine,  but  when  paired  with  nitrogen  tetroxlde  as  a  result  of 
larger  quantity  of  oxidizer  necessary  for  the  oxidation  of  the 
secondary  fuel,  the  density  of  the  fuels  seems  almost  identical  in 
both  cases. 

For  the  feasibility  of  coming  up  with  a  reliable  engine,  the 
components  of  the  fuel  must  be  effective  coolants.  This  means  that 
their  viscosity  must  be  low,  in  order  to  provide  a  high  flow  rate 
with  low  hydraulic  losses,  and  thermal  conductivity  and  heat  capacity 
—with  high  losses.  Such  a  combination  of  properties  provides  good 
condition*  for  the  transmission  of  heat  from  the  wall  to  the  coolant. 
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The  viscosity  of  components  should  be  capable  of  making  a  small 
change  with  temperature,  so  that  there  is  no  change  in  conditions 
of  injection  and  atomization.  The  dependence  of  thermophysical 
coefficients  on  temperature  for  a  number  of  the  most  interesting 
components  of  rocket  fuels  are  presented  in  Figs.  15. ^-15. 6. 


Fig.  15.1*.  Dependence  of 
the  viscosity  factor  of 
certain  components  on  tem¬ 
perature  . 


Fig.  15.5.  Dependence  of 
heat  capacity  of  certain 
components  on  temperature. 
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Pig.  1^.6.  Dependence  of 
thermal  conductivity  of 
certain  exponent*  on 
temperature . 


Cooling  eomponenta  should  not  decompose  and  also  should  not 
leave  deposits  on  the  wall,  because  this  can  result  In  scorching. 

In  order  to  Increase  the  quantity  or  heat,  which  the  component  can 
absorb,  It  Is  desirable  that  the  component  possess  a  high  heat 
capacity  and  a  low  saturation  pressure.  The  latter  takes  into 
aocount  the  increase  In  temperature ,  to  which  the  component  in  the 
Jacket  of  the  engine  can  be  heated  at  a  prescribed  pressure. 

A  low  value  of  surface  tension  and  a  low  heat  of  evaporation 
are  the  favorable  features,  which  improve  atomization  and  evaporation 
of  tha  components  during  Injection  In  the  combustion  chamber  of  the 
engine  or  gas  generator. 

The  Important  feature  Is  the  corrosive  action  of  the  components. 
Having  high  corrosiveness,  In  order  to  acnieve  long  periods  of 
storage  of  the  component  without  the  formation  of  compounds  from 
material  of  the  tank  or  pipelines  the  utilization  of  a  select  group 
of  resistant,  possibly  critical  and  expensive  materials  may  be 
required.  At  the  same  time  there  are  methods  of  reducing  the 
corrosiveness  by  means  of  utilizing  a  small  quantity  of  an  additive, 
which  hardly  affects  the  energy  characteristics  of  the  fuel.  The 
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last  method  requires  considerable  expense  of  means  and  time  in  the 
selection  of  additives  and  in  checking  their  effectiveness. 

The  data  on  substances,  which  can  be  used  with  various 
components  of  fuels,  are  presented  in  Table  15.3. 

Table  15.3*  Certain  material  used  in  components 
of  rocket  fuels. 

— , — , — — - - — . .  —  -  — ■  i  1  —  ■■  ■  ■"  — 
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Table  15. 2  present#  name  of  the  mentioned  properties  <*r  4 
number  of  component#  of  rocket  fuel#.  Information  on  toxicity  Is 

also  presented  there. 

Prolonged  exposure  of  man  In  an  atmosphere  containing  the 
vapor  oomponer»t  serves  ss  the  characteristic  toxicity  at  maximum 
permissible  concentration.  Xt  should  be  noted  that  any  haxard 
during  the  operation  of  rookets  Involving  toxic  components,  is 
substantially  diminished  where  there  Is  plant  servicing  and  hermetic 
sealing  of  tanks. 


15.3.  Kinetic  Properties  of  Fuels 

The  kinetic  properties  of  a  fuel  are  defined  by  the  process 
of  combustion  and  the  process  of  stationary  burning  of  the  fuel. 

Properties  of  a  Fuel  During  Ignition 

The  Ignition  temperature  of  the  vapors  of  liquid  components  Is 
usually  not  less  than  300-500®C.  Such  a  temperature  can  be  attained 
In  various  ways. 

When  using  nonaelf-lgnltlon  components  of  a  fuel,  the  heat 
necessary  for  the  vaporization  of  the  mixture  and  for  the  development 
of  exothermal  preflame  reactions  in  it,  are  generated  from  an 
external  source.  The  self-ignition  of  the  fuel  vapors  in  this 
instance  can  be  called  thermal.  Thermal  self-lgnltlon  is  defined  as 
the  minimum  temperature,  at  which  process  of  self-ignition  is 
developed,  and  by  the  delay  period  of  this  process.  The  latter  is 
defined  as  the  period  of  time  from  the  moment  the  flames  appear. 

The  temperature  and  delay  period  of  thermal  self-ignition  exist 
not  only  for  a  listed  fuel  by  physical  constants  inasmuch  as  these 
properties  on  experimental  conditions;  however,  when  determined 
under  standard  conditions,  they  are  defined  as  the  comparative 
activity  of  fuels  of  ZhRD  [4]. 
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i.’on'lli  in- •L  tituiry  V •  r  thermal  st*  J  f- 1  gnl  t - 1 «->i*  wM  I  in¬ 
variable,  an  tut*  a»*r*  unt  when  the  engine  ns  well  is  luring 

the  stenuy  operation. 

Initial  ignition  Included  the  creation  of  a  local  limited  /one 
.of  hot  gu#  whose  temperature  exceed#  the  temperature  of  self-lgnltlon 
of  the  fuel  vapor#.  This  can  be  facilitated,  for  example,  by  a 
special  Igniting  torch,  for  which  a  self-lgnltlng  fuel  or  powder, 
electrical  spark  and  so  forth,  are  u#ed.  Because  the  heterogeneous 
and  honcgenr  -u.i  mixture  la  chemically  unequal  with  respect  to 
priming  for  combustion.  Initial  combustion  takes  place  proceeds  in 
the  form  of  a  aource  whereby  the  local  mixture  ratio  is  close  to 
stoichiometric.  The  occurrence  of  even  a  local  area  of  combustion 
accelerates  processes  of  fuel  preparation  for  the  exothermic 
reaction  and  facilitates  the  ignition  of  the  entire  homogeneous 
mixture . 

During  the  steady  operation  of  the  engine,  the  temperature  level 
of  the  process  1  r.  the  combustion  zone  Is  higher  than  the  temperature 
or  self-ignition  of  the  fuel.  In  connection  with  this,  the  need 
for  special  Ignition  diminishes.  However,  there  is  a  need  for  a 
reliable  melanism  for  the  transfer  of  heat  from  the  zone  of  developed 
combustion  to  the  fresh  mixture. 

The  self-lgnltlng  components  of  the  fuel  already  under  ordinary 
temperature  conditions  react  upon  contact  in  the  liquid  phase  with 
the  release  of  heat.  As  a  result  of  the  initial  energetic  warm-up, 
the  fuel  mixtures  initiate  the  preflame  exothermal  reactions,  which 
facilitate  the  warm-up  to  the  boiling  point  and  higher,  leading  to 
the  self-ignition  of  the  vapors.  This  form  of  self-ignition,  which 
begins  ir.  liquid  phase  and  terminates  in  the  gas  phase,  can  be 
called  chemical  self-ignition  or  simply,  self-ignition. 

The  feasibility  of  self-ignition  depends  on  the  chemical 
affinity  of  the  fuel  components.  One  combustible  component  with 
various  oxidizers  or,  conversely,  one  oxidizer  with  various  !‘uo!s 
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will  for®  various  fuel  vapors  baaed  on  activity.  Table  15.^  Dhows 
the  dsgret  of  this  aetlvlty  for  various  fusl  compositions. 


Table  15.4.  Characteristics  of  combustion  of 
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Self-lgnltion  of  nonself-igniting  fuels  under  ordinary  conditions 
of  fuel  vapors  can  be  facilitated  by  a  catalytic  effect  or  by 
introducing  an  activating  additive  into  one  of  the  components.  Thus, 
for  instance,  fuel  kerosene  with  nitric  acid  can  be  made  self- 
igniting,  lead  in  kerosene  by  introducing  considerable  (up  to 
quantities  of  asymmetrical  dlmethylhydrazlne  or  small  additions  of 
solid  active  substances.  A  suspension  of  potassium  and  of  lithium 
or  lithium  hydride  in  kerosene  provide  facilitates  self-ignition 
with  a  small  (up  to  2%)  content  of  the  active  substances.  Fuel 
kerosene  with  liquid  oxygen  becomes  self-igniting  with  an  addition 
of  small  quantities  (on  the  order  of  hundredths  of  a  percent)  of 
fluoric  ozlne  ?2°3  t0  the  ox^dizer. 

The  most  important  quantitative  characteristic  of  self-ignition 
la  the  delay  of  self-lgnltion  -  the  time  from  the  moment  cf  contact 
of  the  liquid  self-igniting  components  up  to  the  moment  of  the 
appearance  of  flames  (t^).  Naturally,  the  delay  value  of  self- 
ignition  depends,  first  of  all,  on  the  nature  of  the  fuel.  For  one 
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and  the  same  self-lgnit lng  vapor  (combustible  component  ♦  o*ldifcer) 
the  quantity  of  t ^  changes  depending  on  the  excess  oxldlxer  ratio, 
a,  the  pressures  of  medium,  and  the  Initial  temperature  of  the 
components.  The  effect  of  the  unevenees  of  Injection  of  the 
components  Is  demonstrated  here.  The  value  can  also  change  with 
the  Introduction  of  an  activating  or  a  ballasting  additive  to  the. 
components. 

The  dependence  of  the  delay  of  self-ignition  of  liquid  rocket 
fuels  on  the  various  factors  and  method*,  of  determining  this  valuo 
T"e  examined  In  special  literature  [2],  [to]. 

The  reliability  of  starting  the  engine  substantially  depends 
on  the  value  of  t^.  The  basic  requirement  for  the  starting 
condition  Is  a  smooth  change  in  pressure  in  the  combustion  chamber 
and  absence  of  considerable  overloading  chamber  with  time  la 
portrayed  In  Fig.  15-7.  A  pressure  peak  p  is  undesirable  or 

H  lua  X 

even  harmful.  The  reason  for  the  appearance  of  such  a  peak  la  due 
to  the  accumulation  In  the  combustion  chamber  of  a  large  quantity 
of  fuel  components  and  their  subsequent  rapid  combustion. 


Fig.  15.7.  Character  of  the  change 
in  pressure  In  the  combustion 
chamber  when  starting. 


The  value  of  the  average  pressure  in  the  combustion  chamber 
under  steady  engine  operation,  can  be  deter”. ined  according  to  the 
relationship 
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where  Tp  -  time  the  fuel  stays  In  the  combust  1  or  ehuMhcr;  *;  -  •  uc  i 
consumption  In  seconds  under  steady  engine  c  p#>r<»»  to*. ;  V  vci*n.e 
of  the  combustion  chamber. 

When  starting  the  engine  over  a  period  of  time,  equal  to  the 
period  of  delay  of  self- Ignition,  the  quantity  of  fuel  delivered 
In  the  combustion  chamber,  is  equal  to 
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where  5nyCh  -  average  value  for  the  starting  fuel  consumption  in 
seconds . 

By  assuming  that  the  quantity  of  fuel  ^nyCHT^  barns  Instantly, 
it  Is  possible  to  write: 
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By  equating  expressions  (15-1)  and  (15.3),  we  will  obtain: 

p< mb»«  _  yglt  ( i  5 , 4 ) 

Pi  »n  G  ’  V 

Thus,  the  relative  increase  in  pressure  when  starting  is 
directly  proportional  to  the  delay  of  Ignition,  and  as  related  tc  the 
starting  and  nominal  fuel  consumption,  it  is  inversely  proportional 
to  the  time  the  fuel  stays  ir.  the  combustion  chamber,  t  . 

From  formula  (15.^)  it  follows:  for  starting  at  nominal  fuel 

consumption  (G  /G  «  1)  without  an  overload  based  on  pressure 
nycK 

(p  *  1)  it  is  necessary  that  t,/t  -  1. 

r  k  max  k  3  n 

The  time  the  fuel  stays  in  the  combustion  chamber  t  ,  covered 
in  the  next  chapter,  depends  on  the  nature  of  the  fuel,  on  the 
geometry  of  the  chamber  and  on  the  extent  of  organization  of  the 
processes.  Por  the  majority  of  ZhRD  it  amounts  to  several 
milliseconds  . 
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The  *  ! <>t.  that  th«-  ignition  which  nan  accumulated 

throughout  tint  i,  of  the  fir  •:  ,  occurs  instantly,  Is  an  <-xt vvno  and 
a  lac  a  poor  one;  therefore,  permissible  value  can  be  somewhat 

larger  than  t  .  If  the  value  t ,  la  considerably  larger  than  t  , 
the  starting  fu*l  consumption  should  be  less  than  nominal  for  the 
proper  starting  of  the  engine. 

Properties  of  a  Fuel  During  Stationary  Combustion 

The  required  property  of  a  fuel  should  be  its  capability  to 
burn  completely  and  steadily.  The  absence  of  this  quality  practically 
precludes  the  utilization  of  the  fuel.  It  is  known,  for  example, 
that  the  utilization  of  an  additive  consisting  of  finely-dispersed 
boron  to  kerosene  which  increasas  the  theoretical  specific  thrust, 
was  not  actually  effective  as  a  result  of  the  low  combustion 
efficiency  of  boron.  The  utilization  of  fuels  on  the  basis  nitric 
acid  was  limited  for  a  long  time  due  to  the  unfavorable  character¬ 
istics  of  combustion  in  the  sense  of  resistance. 

The  conversion  process  of  fuel  into  products  of  combustion 
under  steady  engine  operation  involves  a  complex  of  physicochemical 
phenomena.  These  phenomena  are  closely  interconnected,  and  it  is 
difficult  to  demarcate  them  in  reference  to  time  and  space. 

Furthermore,  the  conversion  process  of  the  fuel  is  substantially 
different  for  engines  of  ordinary  design  where  both  components 
were  fed  into  the  combustion  chamber  as  a  liquid,  whereas  for 
engines  with  an  afterburner  design,  one  or  both  components  are  fed 
into  the  combustion  chamber  in  the  heated  as  well  as  gaseous  state. 

In  the  second  case  the  contact  and  conversion  of  the  liquid 
components  is  carried  out  in  a  gas  generator. 

It  is  obvious  that  the  behavior  of  the  fuels,  to  a  considerable 
extent,  Is  determined  by  their  many  characteristics  and  conditions 
in  the  chamber.  However,  as  a  result  of  the  complexity  of  the 
processes  a  quantitative  relationship  between  the  integral 
characteristics  of  combustion  (efficiency,  resistance)  and  the 
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properties  of  the  fuel  have  still  not  been  achieved  analytically. 

Therefore,  In  order  to  determine  the  kinetic  properties  of  new  made 

fuels  for  the  purpose  of  future  design  special  investigations  using  spec 

model  engines  and  devices  are  conducted.  In  order  to  perfect  fuels  engi 

there  are  usually  statistical  data,  enabling  one  to  formulate  an  Cosm 

effective  process  of  carburetion  am?  combustion,  and  to  select  the  for 

necessary  volume  of  the  combustion  chamber.  airc 


15.**.  The  Leading  Fuels  Used 

In  engine  devices  of  rocket-carriers,  for  launching  space 
objects,  cheap  and  efficient  fuels  are  widely  used  based  on  a 
cryogenic  oxidizer  -  liquid  oxygen.  Certain  characteristics  of 
these  fuels  have  been  presented  in  Table  15.5. 


Table  15.5.  Characteristics  of  certain  fuels 
based  on  liquid  oxygen  0o  at  p  /p  *  70/1  and 

C-  m  H  C 


with  an  optimum  proportionality  of  the 
components. 
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1,170 
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328 

9.484 

0.7 

5.56 

0,35 

3422 

1888 

239 

1.174 

386 

418 

9.375 

Oxygen-ethyl  alcohol  fuel  was  used  in  the  early  stages  of  the 
development  of  rocket  technology  in  German  and  the  USA,  and  it  was 
replaced  by  a  more  effective  composition  of  a  fuel  of  the  kerosene 
type.  Here  and  further  on,  the  name  "kerosene"  means  a  special 
rocket  hydrocarbon  fuel  the  aviation  kerosene  type,  derived  from 
petroleum.  Such  a  fuel  is  widely  used  both  in  the  USA  (for  rockets 
(Atlas),  (Titanium),  (Saturn-v)),  and  the  USSR  (the  rocket  (Vostok)). 
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The  use  of  asymmetrical  dimethylhydrazine  (NDMG)  as  a  fuel 
made  it  possible  to  create  an  engine  in  the  USSR  with  the  greatest 
specific  thrust  with  respect  to  high-boiling  fuels.  The  RD-119 
engine  working  on  +  NDMG  fuel  is  widely  used  for  launching  the 
Cosmos  series  of  satellites.  A  practical  application  was  found 
for  C>2m+  NH^fuel;  is  used  *n  the  engine  of  X-15  experimental 
aircraft  of  the  USA.  Its  efficiency  is  relatively  low. 

The  02w  +  fuel  is  classical  as  one  of  the  most  effective 
fuels  in  mass  application.  At  present,  it  is  used,  for  example,  in 
the  engines  of  the  second  and  third  stages  of  the  ''Saturn-V" 
rocket.  Low  density  and  high  volatility  of  liquid  hydrogen  are  its 
negative,  qualities ;  however,  they  are  overcome  as  a  result  of 
successes  achieved  in  the  considerable  degree,  the  realization  of 
main  advantage  of  the  fuel  -  its  high  specific  thrust. 

Fuels  with  a  base  of  high-boiling  stable  components  find 
application  in  military  rockets  and  space  objects,  where  the  fuel 
must  be  stored  for  a  long  time  in  a  ready  state  in  the  engine.  The 
utilization  of  high-boiling  fuels  in  the  latter  case  allows  for 
minimum  losses  of  the  components  without  large  weight  losses  to  heat 
insulation . 

Energy  characteristics  of  the  predominantly  used  high-boiling 
fuels  are  given  in  Table  15.6. 

Fuels  with  a  nitric  acid  base,  feature  and  whose  properties  (such 
as  freezing  point,  density,  power  engineering,  and  others)  have  been 
improved  by  an  addition  of  20— 30%  of  oxides  of  nitrogen,  have 
comparatively  low  energy  characteristics,  but  a  wide  temperature 
range  in  the  liquid  state.  These  fuels  are  applied  in  those  cases 
where  the  last  characteristic  is  the  determining  one;  for  example, 
for  small  aviation  rockets  whose  conditions  of  operation  are  subjected 
for  a  long  time  to  the  low  or  high  temperatures  cf  the  surrounding 
medium  without  constant  temperature  control. 


Table  15.6.  Characteristics  of  certain  stable 
fuels  when  p  /p  *  70/1  and  with  the  optimum 

K  C 


proportion  of  the  components. 
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1,18 
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50%  NEMO  + 
+50%N,H4 

1.0 

2.25 

1,20 
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1,143 

287 

312 

10,15 

90% 

Hj03 

Kerosene 

0,9 

7,17 

1.27 

2773 

1479 

164 

1,177 

264 

286 

9,326 

Fuels  having  an  N20J4  base  with  NDMG ,  or  of  a  mixture  of  50? 

NDMG  +  50?  N2H4,  named  "aerozine-50" ,  have  higher  energy  character¬ 
istics  and  they  are  used  In  ballistic  rackets.  For  example, 
"aerozine-50"  +  fuel  has  been  used  in  the  Titanium  II  rocket. 

It  replaced  the  cryogenic  composition  of  02w  +  kerosene,  because 
it  makes  it  possible  for  the  rocket  to  be  stored  for  a  long  time  in 
a  ready  state  for  launching.  The  high  melting  point  of  nitrogen 
tetroxide  is  not  a  substantial  deficiency,  since  the  launching 
sites  for  ballistic  rockets  provide  a  narrow  range  of  temperature 
fluctuations  of  the  surrounding  medium. 

The  comparison  data  in  Tables  15.5  and  15.6  show  that  better 
from  among  the  stable  fuels  the  classical  cryogeni  c  °2»  +  kerosene 
based  on  specific  thrust  are  inferior,  but  have  the  advantage  on 

density . 
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The  fue  l  +  "nerozl  no-50"  is  also  used  in  the  nustalrier 

engine  of  "Apollo’’  spaceship  In  the  American  space  series,  intended 
to  land  a  man  on  the  Moon,  The  important  advantage  of  this  fuel 
is  its  spontaneous  inflammability. 

15.5.  Promising  Propellants 

The  search,  perfection  and  introduction  of  all  the  more  effective 
fuels  -  is  the  invariable  trend  in  rocket  technological  development. 
Let  us  dwell  at  first  on  the  material  which  are  involved  in  cryogenic 
fuels . 

Here,  one  of  the  basic  trends  for  increasing  the  efficiency 
is  considered  to  be  the  perfection  and  utilization  of  liquid  fluorine 
F2w,  its  compound,  F20,  and  mixtures  of  liquid  fluorine  with  liquid 
oxygen.  The  utilization  of  an  oxidizer,  consisting  of  30%  F 2  and 
70%  02,  was  considered  as  a  means  of  substantially  increasing  the 
energy  characteristics  of  the  "Atlas"  rocket  in  the  USA.  When  using 
kerosene  as  a  combustible  component,  it  turned  out  that  an  oxidizer, 
consisting  of  70%  F 2  and  30%  02  by  weight  was  optimum  for  specific 
thrust.  The  composition  with  30%  F2  was  selected  for  the  purpose  of 
facilitating  the  solution  to  the  problem  of  the  compatibility  of 
structural  material  with  an  oxidizer.  Except  for  the  Increased 
energy  characteristics,  the  positive  quality  of  this  fuel  is  its 
spontaneous  inflammability. 

Table  15.7  presents  the  characteristics  of  cryogenic  fuels, 
which,  according  to  published  data  [3],  are  being  investigated  as 
promising  fuels. 

Fluorine-hydrogen  fuel  is  most  efficient  of  all  known  fuels 

having  components  which  are  chemically  stable  individual  substances. 

Together  with  high  specific  thrust  this  fuel  also  has  a  comparatively 

high  density  due  to  the  high  density  of  the  liquid  fluorine  and  the 

high  value  of  optimum  tc.  This  fuel  is  regarded  both  as  a  natural 

development  as  well  as  an  improvement  of  the  already  perfected 
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Table  15.7.  Characteristics  of  certain 
promising  cryogenic  fuels  with  p  /p  *  70/1  and 

K  C 
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A  combination  of  F2w  +  has  high  values  of  specific  thrust 

and  density.  The  good  cooling  features  of  hydrazine  diminish  the 
difficulties  connected  with  the  high  temperature  of  combustion. 
According  to  published  data,  special  additives,  which  do  not  affect 
its  power  engineering,  eliminate  the  danger  of  decomposition  and  of 
an  explosion  of  hydrazine  when  it  is  used  for  regenerative  cooling. 

Fluorine  monoxide  fuel  with  diborane  is  of  interest  when  applied 
in  systems  where  it  is  stored  under  space  conditions  from  the 
several  months  up  to  one-two  years.  By  calculation,  the  physical 
properties  of  these  cryogenic  components  (melting  point  and  saturation 
pressure)  enhance  storage  under  space  conditions  with  small  losses 
and  small  costs  involved  in  heat  insulation  and  thermal  control. 

The  high  energy  characteristics  are  combined  with  such  unfavorable 
factors,  as  low  density  and  the  unsuitability  of  both  components  for 
regenerative  cooling.  It  has  been  considered  that  an  engine,  which 
would  operate  on  this  fuel,  should  be  shielded  by  means  of  ablating 
heatproof  material. 

The  combination  of  F20  +  kerosene  with  respect  to  efficiency, 
corresponds  to  a  fuel  using  a  mixture  of  {10%  F2  +  30J  02) . 
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Promising  high-boiling  fuels  have  likewise  been  comparatively 
little  studied.  Published  material  basically  amounts  to  several 
compositions,  presented  in  Table  15.8.  Accordingly  to  this  data, 
the  most  efficient  with  respect  to  specific  thrust  is  a  fuel  having 
a  concentrated  hydrogen  peroxide  base  with  pentaborane 

Table  15.8.  Characteristics  of  certain 
promising  high-boiling  fuels  with  a  p  /p  = 

K  C 

=  70/1  and  with  an  optimum  proportion  of 
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Pentaborane  is  extremely  toxic  (see  Table  15.2)  and  self-ignites 
in  air.  However,  additives  have  been  found,  which  eliminate  the 
danger  of  the  latter  (temperature  of  self-ignition  is  raised  to 
100°C)  . 
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Test  reports  from  the  USA  tell  of  an  engine  working  on  pentaborane 
having  a  thrust  of  more  than  20  T.  The  deficiencies  of  the 
investigated  fuel  include  the  elevated  melting  point  and  the  chemical 
instability  of  the  concentrated  hydrogen  peroxide.  The  rate  of  its 
decomposition  amounts  to  about  1%  per  annum  at  30°C,  as  a  consequence 
of  which  this  oxidizer  is  unsuited  for  storage  in  hermetically  sealed 
containers . 

The  fuel  has  a  somewhat  poorer  theoretical  value  of 

specific  thrust,  but  a  higher  density  and  excellent  stability  of  both 
components,  suitable  for  utilization  in  systems  with  preliminary 
servicing  and  hermetically  sealed  containers. 


A  combination  of  CIF^  +  N2H^  has  a  unique  advantage  -  high 
density.  Interest  is  generated  in  this  fuel  in  connection  with  the 
need  for  improving  the  characteristics  of  rockets  under  conditions 
of  limited  volume. 

There  is  definite  interest  in  the  composition  of  hydrazine  with 
pentaborane .  These  components  possess  excellent  characteristics 
from  the  viewpoint  of  stability,  and' the  combination  of  them  has 
high  energy  characteristics.  The  interaction  of  the  components 
proceeds  according  to  the  reaction 


2BgHg + 5N jH«  —  1 9Hj  (gas)+10BN  (solid). 

Solid  boron  nitride,  which  forms  as  a  result  of  the  reaction  and 
consists  of  85 X  by  weight  of  all  products  of  the  reaction,  is  the 
heat  source  for  hydrogen.  The  high  specific  thrust  is  created  at 
equilibrium  exhaust  of  the  two-phase  mixture,  i.e.,  when  the  small 
particles  of  boron  nitride  are  carried  away  by  the  hydrogen  and 
are  ejected  from  the  nozzle  practically  at  the  same  rate  as  that  of 
the  gas . 


15.6.  Promising  Metalliferous  Fuels 

Accordingly  to  thermodynamic  calculations  the  application  of 
an  addition  of  light  metals  -  Al,  B,  Be  and  Li  can  guarantee  a 
substantial  increase  in  the  energy  characteristics  of  existing  and 
promising  liquid  rocket  fuels,  both  of  the  cryogenic  and  high-boiling 
types  [8].  Figures  15.8  and  15.9  present  the  results  of  calculations 
of  the  specific  thrust  of  02w  +  and  F  +  fuels  with  additions 
of  various  metals.  Along  the  abscissa  the  relative  content  of  *-he 
metal  in  the  fuel  is  plotted,  along  the  ordinate  -  the  specific 
thrust  at  p  /p  *  70/1  and  the  optimum  proportion  of  the  fuel  and 

H  C 

oxidizer.  As  can  be  seen  from  the  presented  data,  in  the  case  of 
the  oxidizer,  02w,  beryllium  Is  the  most  effective  additive,  in  the 
case  of  F2w  -  lithium. 
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Fig.  15.3.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  content  of 
metal  in  the  fuel. 
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Fig.  15.9.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  content 
of  metal  in  the  fuel. 


The  data  given  in  Figs.  15.10  and  15.11,  show  the  feasibility  of 
increasing  the  characteristics  of  certain  high-boiling  fuels  by 
means  of  utilizing  the  metallic  additive. 
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Fig.  15.10.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  content  of 
metal  in  the  fuel. 
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Fig.  15,11.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  content  of 
metal  in  the  fuel. 
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The  general  rule  of  the  efficient  utilization  of  a  metallic 
addition  is:  the  metal  in  conjunction  with  the  oxidizer  should 
give  at  combustion  the  greatest  energy  release,  and  the  residual 
products  should  contain  the  largest  possible  quantity  of  hydrogen. 
As  can  he  seen  from  the  given  results,  for  beryllium,  boron  and 
aluminium  the  better  oxidizer  is  oxygen,  for  lithium  -  fluorine. 

The  application  of  a  metallic  additive  to  a  fuel  having  a 
liquid  hydrogen  base,  lowers  the  density  of  the  fuel;  this  is 
associated  with  a  decrease  in  the  quantity  of  the  oxidizer  in  the 
fuel  and  with  an  increase  in  the  quantity  of  hydrogen  based  on 
optimum  proportions.  The  optimum  proportion  of  all  components  is 
approximately  such  that  all  of  the  oxidizer  is  spent  on  the 
stoichiometric  oxidation  of  the  metal,  and  the  hydrogen  is  added  to 
achieve  maximum  specific  thrust. 


Dependence  of  specific  thrust  on  the  quantity  of  hydrogen  in 
the  fuel  is  shown  in  Fig.  15.12,  whereby  it  is  clear  that  the  maximum 
specific  thrust  using  lithium  corresponds  to  the  content  of  hydrogen, 
and  it  is  considerably  higher  than  in  a  fuel  without  metal  (see  also 
Tables  15.5  and  15.7).  This  the  reason  for  the  decrease  in  the 
density  of  the  mixture.  / 


Fig.  15.12.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  content  of 
hydrogen  in  the  fuel:  r7Pt/oL, - 0.74.  &0 /oB,-i,s. 
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A  reduction  in  the  optimum  quantity  of  an  oxidizer  with  an 
addition  of  a  metal,  is  also  characteristic  for  high-boiling  fuels; 
however,  in  view  of  considerably  higher  density  of  the  fuels  in 
comparison  with  H^,  Edition  a  metal,  heavier  than  both 
components,  increases  the  density  of  the  fuel.  Figure  15.13  as  an 
example  demonstrates  the  dependence  of  specific  thrust  on  the 
density  of  No0h  +  N5H.  fuel  with  additions  of  A1  and  Be. 


Fig.  15.13.  Dependence  of  specific 
thrust  in  a  vacuum  on  the  density  of 
the  fuel.  The  figures  designate  the 
percentage  content  of  metal  in  the 
fuel. 


In  view  of  the  high  theoretical  efficiency  of  metalliferous 
fuels,  various  problems  in  their  practical  utilization  take  on  a 
significant  role.  One  of  the  important  problems  is  that  of  storage 
and  of  supplying  metal  to  the  combustion  chamber. 

Promising  solution  this  problem  is  considered  to  be  the 
utilization  of  the  metal  suspensions  in  the  fuel,  which  gelatinize 
(become  like  jelly)  to  prevent  the  precipitation  of  the  metallic 
powder.  Investigations  show  [3]  that  by  adding  0.2-0. 5?  gelantinizing 
substances  to  the  fuel  structures  in  the  fuel  will  be  formed, 
consisting  of  long  chain  molecules,  types  of  polymeric  molecules, 
with  transverse  bonds  between  the  chains.  Under  static  conditions 
a  gelatinized  fuel  will  not  flow  and  under  rather  small  stresses  it 
shifted  similar  to  a  solid  body.  Under  such  conditions  the  suspended 
particles  of  the  metal  do  not  completely  settle  out. 

Under  the  action  of  applied  stresses  exceeding  the  limit  of 
fluidity,  the  failure  of  the  structure  of  the  gel  already  begins  at 
rather  large  stresses;  for  example,  by  extrusion  through  the  fuel 
line  under  pressure,  all  the  bonds  are  broken  and  the  fuel  with 
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respect  to  behavior  becomes  indentical  with  a  pure  liquid  having 
suspended  particles  of  the  metal.  After  a  lapse  of  a  certain  time 
following  failure  there  is  again  a  restoration  of  the  bonds  -  again 
a  gel  forms.  Such  a  feature  of  a  gel  whereby  it  destroys  itself  by 
displacement  and  restores  itself  again  under  static  conditions  is 
called  thioxotropy.  The  example  in  Table  15.9  demonstrates  the 
properties  of  pure  hydrazine  and  gelatinized  fuel  "aluminizin'1 
[Translator's  note:  This  term  is  not  identified  in  available  fuel 
dictionaries] . 


Table  15.9.  Comparison  of  the  properties  of 
metallized  and  ordinary  fuel.  _ _ 


Pro partita 

— ■  —  —  “ 

Hydrazint 

Aluslnlzln 

8 

3 

Kydraslna 

100 

66,5 

i* 

Alimlnlui 

0 

33,0 

85 

Oalatinlxlng  addltltma 

0 

0.5 

0 

Bonall 

ty  In  g/an3 

1,006 

1,270 

Vlaaoalty  la  santlpolaaa 

0,97 

45-10» 

Llalt  a f  fluidity  In  g/om* 

0 

1.7 

Halting  point  In  *C 

1.5 

-2.3 

Considering  the  data  given  in  the  table,  let  us  note  that  the 
limit  of  fluidity  is  rather  small,  such  that  the  fuel  would  begin 
to  leak  from  the  tank  at  a  small  pressure,  but  it  is  sufficient  that 
the  particles  of  the  metal  should  not  settle  out.  The  very  high 
viscosity  of  gel  is  diminished  up  to  a  value,  close  to  the  viscosity 
of  pure  hydrazine,  with  the  failure  of  the  etructure  of  the  gel 
during  the  process  of  flow  through  the  fuel  line. 

If  the  problem  of  storage,  of  supply  and  of  combustion  of 
metalliferous  fuel  are  to  be  successfully  solved,  the  realization  of 
a  high  specific  thrust  in  connection  with  losses,  possibly  as  a 
result  of  the  unbalanced  flow  of  a  two-phase  mixture  in  the  nozzle 
will  remain  as  the  most  serious  problem.  The  content  of  the 
condensate  (oxides  of  aluminum  Al^O^,  of  beryllium  BeO,  and  others) 
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in  the  products  of  combustion  at  a  optimum  proportion  of  components 
amounts  to  almost  50%  by  weight.  At  characteristic  pressures  in  the 
combustion  chamber  of  a  ZhRD  up  to  100  bars  and  above,  a  content  of 
condensate  that  high  can  result  in  a  very  considerable  buildup  of 
particles  in  the  nozzle  and  can  also  result  in  large  losses  of 
specific  thrust  (see  Chapter  XIII).  It  is  possible  that  the  size 
of  the  particles  in  the  area  of  the  nozzle  throat  by  virtue  of  their 
considerable  buildup  does  not  depend  on  the  dispersiveness  of  the 
condensate  in  the  combustion  chamber  and  can  be  determined  merely  by 
the  resistance  of  the  drop  against  atomizing  by  their  gas  during 
blowoff . 

To  solve  problems  associated  with  the  losses  of  specific  thrust 
during  the  flow  of  a  two-phase  mixture  in  a  nozzle,  research  [5]  is 
being  conducted,  which  affects  a  very  wide  range  of  problems:  based 
on  the  study  of  properties  of  the  oxides  of  metals  and  of  interactions 
of  micron-size  drops  with  gas  and  among  themselves  prior  to  the 
testing  the  engines  using  metallized  fuels  with  an  accurate 
determination  of  the  specific  thrust. 
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CHAPTER  XVI 

1  PROCESSES  OF  FUEL  CONVERSION  IN  THE 
COMBUSTION  CHAMBER 

In  this  chapter  the  qualitative  description  of  the  conversion 
processes  of  fuel  in  the  combustion  chamber  is  given  using  various 
diagrams  of  their  layout.  The  generalized  characteristics  are 
presented  and  methods  of  evaluating  the  perfection  of  the  processes 
are  examined. 


16.1.  Overall  Picture  of  the  Phenomena 


In  the  combustion  chamber  of  a  (WPfl)  [ZhRD  ■  liquid-propellant 
rocket  engines]  a  complex  of  processes  goes  on,  which  should  be  so 
organized  that  it  guarantees: 

1)  maximum  combustion  efficiency; 

2)  rapid  release  of  heat  in  a  chamber  of  small  sizes  and  weights 

3)  steady  operation  of  the  processes,  necessary  for  reliable 
and  trouble-free  work  of  the  engine. 

Depending  on  the  phase  composition  of  the  components  supplied 
the  combustion  chamber  several  schemes  of  the  organization  of  the 
working  processes  can  be  distinguished. 


JU2 


"Liquid-Liquid"  Scheme 


Both  components  in  the  liquid  phase  are  injected  through  Jets 
in  the  combustion  chamber,  where  the  reaction  between  fuel  and  the 
oxidizer  should  occur.  Reaction  basically  goes  on  in  the  gaseous 
phase.  Therefore,  conditions  should  favor  the  conversion  of  liquid 
fuels  into  the  gaseous  state.  These  conditions  will  be  realized  in 
a  certain  section  of  the  combustion  chamber,  where  there  is  a 
complex  of  processes  perparatory  to  combustion  going  on:  the  splitting 
(atomization)  of  the  liquid  components  into  droplets,  their  mixing, 
vaporization  and  mixing  of  the  vapors,  all  included  in  the  reaction. 

The  Increase  In  surface  area  of  the  liquid  as  a  result  of  the 
splitting  into  droplets  accelerates  the  process  of  vaporization. 

The  atomization  of  the  liquid  is  carried  out  by  Jets  of  various 
types.  Furthermore,  with  the  rapid  movement  of  the  droplets  in  the 
gas  medium  they  can  change  their  form  and  under  specified  conditions 
can  split  up  which  also  leads  to  an  acceleration  of  the  process  of 
vaporization. 

The  criteria  of  atomization  quality  are  the  fineness  and 
homogeneity  of  the  atomization  and  the  flame  configuration  Sf  the 
atomization.  In  order  to  estimate  fineness  and  homogeneity  of 
atomization  one  should  know  the  distribution  of  the  liquid,  injected 
through  the  Jet,  according  to  the  sizes  of  the  droplets,  or  so-called 
spectrum  of  atomization.  A  quantitative  estimate  of  sizes  of  the 
droplets  is  necessary  in  order  to  calculate  the  rate  of  evaporation 
and  motion  of  the  droplets,  conditions  of  mixing,  and  so  forth. 

The  fineness  of  the  atomization  is  characterized  by  a  certain 
average  diameter  of  the  droplets.  Various  researchers  have  assigned 
a  different  meaning  to  the  concept  of  the  average  size  of  the 
droplets  existing  In  the  spectrum  of  atomization.  Frequently,  the 
so-called  median  diameter  is  used.  The  specific  gravity  of  the 
droplet,  whose  diameter  is  less  or  equal  to  the  median  diameter, 
measures  0.5.  The  median  diameter  of  a  droplet  most  commonly  used  In 
a  swirl  injector  of  a  ZhRD  is  usually  25-250  p,  in  a  spray  injector 
200-500  u. 
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The  homogeneous  distribution  of  the  fuel  according  to  the 
cross-sectional  diameter  of  the  combustion  chamber  is  necessary  for 
steady  and  efficient  combustion,  as  well  as  the  prescribed  proportion 
of  the  components  k.  These  specifications  are  met  in  the  process  of 
injection  and  mixing  of  components  (both  in  the  liquid  and  gas 
phases).  The  mixing  can  be  done  preliminarily  outside  the  combustion 
chamber  in  a  two-component  emulsion  injectors. 

Figure  16.1a  represents  a  diagram  of  the  distribution  of  the 
fuels  components  ratio  x--x.„liT  based  on  the  radius  of  the  combustion 
chamber.  By  duplicating  such  a  picture  at  any  diameter  of  the  same 
cross  section  of  the  combustion  chamber,  the  distribution  of  k  in  that 
cross  section  is  ideal  in  the  sense  of  completeness  of  the  isolation 
of  heat.  As  was  mentioned  in  Chapter  XI,  such  a  distribution  of  ic 
is  not  always  acceptable.  A  diagram  of  a  two-zone  distribution  of 
k  is  shown  in  Fig.  16.1b. 


Fig.  16.1.  Distribution  diagram  ic 
according  to  the  cross  section  of  the 
combustion  chamber:  a)  without  a 
boundary  zone,  b)  with  a  boundary  zone. 

L) 

The  sum  total  effect  of  the  processes  of  atomization,  of 
vaporizations  and  of  mixing  cf  the  fuel  components  insures  its 
reparation  for  exothermal  reactions  of  combustion . 

The  pretreatment  processes  of  the  fuel  prior  to  combustion  and 
actual  combustion  processes  are  closely  connected.  Exact  boundaries 
between  the  separate  processes  exist  neither  in  time,  nor  in  space. 

The  mixture  in  the  combustion  chamber  prior  to  complete 
eomtustlnn  of  rne  fuel  is  two-phase.  The  interaction  of  the  phases, 
the  hen*  output  from  the  products  of  combustion,  the  strong!  v 
level  t  ••  i  turbuler.ee  of  flow  nr.  i  the  presence  of  diffusion  processes 
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all  accelerate  the  pretreatment  processes  and  combustion  processes. 
The  overall  picture  of  the  entire  complex  of  phenomena  is  very 
intricate  and  depends  essentially  on  the  nature  of  the  fuels,  on  the 
design  of  the  combustion  chamber  and  on  the  carburetlon  system. 

Figure  16.2  represents  rough  diagram  of  the  transformation  of  the 
liquid  components  Into  products  of  combustion  when  self-igniting  and 
nonself-igniting  fuels  are  used. 
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Fig.  16.2.  Diagram  of  the  transforma¬ 
tion  of  liquid  fuel  into  products  of 
combustion . 


wi 

mixed  i 
mixed  ( 
combust 
since  : 
combust 
diffusi 
conditi* 

He 

of  one  j 
with  ho; 

i 

Thj 

I 

ably  fa} 
in  the  i 
vaporiz* 

I 

Fig 
unstresd 
point  ofj 
of  lgnit 
combusti 
the  drop 
liquid  f 
the  flam 


415 


1 


Exothermal  reactions  in  the  liquid  phase  already  going  on  upon 
contact  (mixing)  of  the  droplet  of  components  is  characteristic  for 
self-lgnltlon  fuels.  The  energy  release  of  these  reactions  facilitates 
the  vaporization  of  the  droplets,  including  those  which  did  not 
react  in  the  liquid  phase,  because  they  did  not  collide' with  droplets 
of  another  component.  After  that,  the  fuel  vapors  and  oxidizer 
vapors  are  mixed  and  chemical  gas-phase  reactions  take  place  which 
lead  to  the  formation  of  the  final  products  of  combustion.  The 
combustion  of  the  gaseous  fuel  and  oxidizer  is  homogeneous. 

Whereas  in  this  case  the  gaseous  mixed  fuels  are  not  pre 
mixed  and  are  heterogeneous,  combustion  occurs  simultaneous t 
mixed  components  and  with  other  processes,  but  the  homogene^ 
combustion  of  a  chemically  heterogeneous  gas  mixture  takes  place, 
since  in  the  different  sections  of  the  combustion  chamber  the 
combustion  process  can  be  limited  by  kinetics  of  reactions  or  by 
diffusion  (either  this  one  as  well  as  others),  and  under  certain 
conditions  knocking  combustion  is  also  possible. 

Heterogeneous  combustion,  i.e.,  combustion  of  liquid  droplets 
of  one  component  in  the  vapors  of  another  can  also  occur  simultaneously 
with  homogeneous  combustion. 

This  takes  place,  if  one  of  the  components  vaporizes  consider¬ 
ably  faster  than  the  second,  and  also  with  considerable  nonuniformity 
in  the  splitting  of  the  components  into  droplets  (coarse  droplets 
vaporize  more  slowly  than  the  finer  ones). 

igure  16.3  represents  a  diagram  of  the  combustion  of  an 
ur  ssed  drop  of  fuel  in  the  vapors  of  an  oxidizer.  The  boiling 
pol..:  of  the  liquid  components  are  always  lower  than  the  temperature 
of  ignition;  therefore,  the  vaporization  of  the  droplets  preceeds 
combustion.  After  the  initial  ignition  of  the  vapor  cloud  surrounding 
the  droplet,  the  combustion  undergoes  continuous  vaporization  of  the 
liquid  from  the  surface  of  the  droplet  due  to  the  heat  supplied  from 
the  flames,  and  also  combustion  undergoes  continuous  mixing 
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(diffusion)  of  the  oxidizer  and  the  fuel  vapors.  The  products  of 
combustion  should  be  removed  simultaneously. 


Pig.  16.3.  Diagram  of  the  process  of 
combustion  of  a  droplet:  1  -  drop  of 
the  fuel;  2  —  layer  of  vapors;  3  - 
flame;  4  -  layer  of  diffusion 
combustion . 


With  the  necessary  condition  for  the  development  of  homogeneous 
and  heterogeneous  combustion  which  usually  accompany  each  other, 
there  is  a  supply  of  heat  to  the  liquid  components  in  order  to  heat 
them,  vaporize  them  and  ignite  them.  As  has  been  mentioned,  this 
heat,  in  part,  is  released  during  the  reactions  of  self-igniting 
components  in  the  liquid  phase.  Another  source  for  obtaining  heat  - 
the  products  of  combustion  whereby  the  heat  is  returned  to  the  liquid 
components  due  to  thermal  conductivity  and  radiation,  and  in  addition 
by  means  of  the  convective  transfer  of  heat  during  the  diffusion  of 
intermediate  and  products  of  combustion  in  the  direction  of  the 
head  of  combustion  chamber, 

v 

\ 

The  decisive  role  in  this  phenomenon  is  played  by  the'* so-called 
''reverse  currents."  They  arise  as  a  result  of  an  injection  effect 
of  the  liquid  from  the  ejector.  The  liquid  is  swept  away  by  side 
currents  of  the  gas,  simultaneously  with  the  reverse  currents  as 
well.  The  reverse  currents  carry  the  products  of  complete  and 
incomplete  combustion  along  with  a  high  temperature,  the  heat  of 
which  is  returned  to  the  atomized  liquid. 

The  processes,  which  occur  in  case  of  using  nonself-igniting 
fuels  (see  Fig.  1 6 . 2 ) ,  are,  on  the  whole,  analogous  to  those 
mentioned  above.  Distinction  is  that  the  exothermal  reactions  between 
the  components  In  the  liquid  phase  do  not  occur  or  occur  to  a  verv 
insignificant  degree.  In  connection  with  this,  the  supply  of  heat 
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takes  on  the  :  :irive  role.  ~r  the  initial  ignition  it  is  carried 
out  by  an  external  source,  but  for  the  maintenance  of  a  steady 
state  —  by  the  products  of  combustion,  predominantly  due  to  convection 
convection . 

As  a  result  of  the  highly-complex  interacting  processes 
described,  it  is  difficult  to  come  up  with  a  general  theory, 
quantitatively  evaluating  the  parameters  of  the  individual  processes 
and  their  summary  indexes.  Qualitative  investigations  of  the 
stationary  processes  in  the  combustion  chamber  make  it  possible  to 
single  out  the  basic  phenomena  and  reconstruct  a  simplified  model  of 
the  processes.  According  to  the  theory,  which  describes  such  a 
model,  in  certain  cases  rather  accurate  quantitative  results  can 
be  obtained,  such  as  presented  in  [2],  [6]. 


■isive  role. 


Based  on  modern  opinions  the  rate  of  the  process  of  heat 
emission  in  the  combustion  chamber  according  to  the  "liquid-liquid" 
diagram  is  limited  by  the  rate  of  vaporization  of  the  liquid  drops 
and  by  the  rate  of  mixing  of  the  gaseous  components.  However,  the 
rate  of  the  reactions  of  combustion  under  normal  conditions  of  steady 
work  a  ZhRD  inherently  exceeds  the  rate  of  the  pretreatment 
processes  by  several  orders. 

"Gas-Liquid"  Diagram 
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According  to  the  "gas-liquid"  diagram  one  of  the  fuel  components 
is  fed  into  the  combustion  chamber  in  the  gaseous  state,  the 
second  —  in  the  liquid  state  (Fig.  l6.1»).  This  diagram  is  realized, 
for  example,  when  the  generator  gas  (a  <<  1  or  a  >>  1)  and  the  liquid 
component,  which  provides  the  prescribed  proportion  of  <  in  the 
main  chamber  is  delivered  to  the  combustion  chamber. 


Fig.  16.^.  Diagram  of  an  injection 
head  of  the  "gas-liquid"  type  (RL-10A 
ZhRD,  USA). 
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By  supplying  the  components  according  to  the  "gas-liquid" 
diagram,  the  mixing  and  the  reactions  in  the  liquid  phase  are 
absent  in  the  processes  of  fuel  conversion;  the  remaining  picture 
of  the  phenomena  is  analogous  to  that  described  above  for  the 
"liquid-liquid"  diagram. 

It  is  natural  that  the  conversion  of  the  liquid  droplet  will 
occur  in  the  shorter  section  of  the  combustion  chamber  in  the 
examined  diagram,  rather  than  in  "liquid-liquid"  diagram  and  the 
sizes  of  the  combustion  chamber  in  this  case  are  reduced.  A  good 
distribution  of  the  liquid  component  in  the  gaseous  state  and  its 
complete  mixing  are  the  necessary  conditions.  In  a  number  of  works 
[3]  it  was  noted  that  it  was  not  the  vaporization  of  the  components, 
but  their  mixing  in  the  gaseous  phase  that  was  the  determining  factor, 
especially  when  the  process  of  combustion  goes  to  completion. 

"Gas-Gas"  Diagram 

According  to  this  diagram  both  components  of  the  fuel  are 
delivered  to  the  combustion  chamber  in  the  gaseous  form.  For  example, 
the  generator  gas  from  two  gas  generators  enters  the  combustion 
chamber,  with  a  <<  1  in  the  first  generator,  and  with  a  >>  1  in  the 
second. 

The  examined  diagram,  obviously,  is  a  better  variant  in  terms 
of  fuel  conversion  in  the  products  of  combustion,  because  the  flow 
in  the  combustion  chamber  is  monophase.  The  overall  diagram  of  fuel 
conversion  can  be  formally  simplified  (the  processes  of  atomization 
and  of  vaporization  of  the  liquid  components  are  absent);  in  this 
case  the  determining  process  is  the  mixing  of  the  gaseous  components 
or  the  vapor-gas  mixtures . 

Range  of  Stable  Combustion 

Tr.  all  the  ■'rganizaiional  diagrams  of  the  working  prcoeooeo, 
the  sizes  of  the  combustion  chamber  must  be  adequate  in  order  to 
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guarantee  the  thorough  burning  of  the  fuel  before  the  products  of 
combustion  begin  to  enter  the  nozzle;  in  this  case  combustion  must 
be  stable. 
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However,  during  the  operationg  of  a  ZhRD  dangerous  unstable 
(vibratory)  combustion  can  arise.  It  is  accompanied  by  fluctuations 
in  the  pressure  of  the  gas  in  the  combustion  chamber.  The  low- 
frequency  (tens  and  hundreds  of  cycle  per  second)  and  high-frequency 
(hundreds  and  thousands  of  cycles  per  second)  of  fluctuations  of 
pressure  in  the  combustion  chamber  can  be  discerned.  Mutual 
superposition  of  the  low-frequency  and  high-frequency  fluctuations 
is  possible.  The  physical  nature  of  these  phenomena  is  diverse. 

A  theoretical  investigation  of  the  instability  of  combustion 
in  a  ZhRD  is  one  of  the  most  complicated  assignments  as  possible 
approaches  to  the  solution;  these  are  examined  in  special  literature 
[ ^ ] ,  [5].  Along  with  theoretical  dependences  experimental  data 
are  widely  used. 


The  results  of  an  experimental  investigation  of  the  stability 
of  processes  in  the  combustion  chamber  frequently  follow  the 
procedure  analogous  to  that  given  in  Pig.  16.5,  where,  as  an 
example,  the  results  of  the  experimental  investigation  of  the 
stability  of  the  operation  of  a  ZhRD  are  given  using  various  a  and 
pressures  in  the  combustion  chamber  (fuel  -  furfuryl  alcohol  +  HNO^). 
As  it  appears,  range  of  stable  operation  is  possible  only  within  a 
specified  pressure  range  in  the  combustion  chamber  and  in  the  fuel 
components  ratio. 
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Fig.  16.5.  Example  of  an  experimental 
determination  of  the  range  of  stable 
combustion . 
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16 . 2 . 


Evaluating  an  Improvement  of  the  Processes 


Imperfection  In  the  design  of  the  mixing  elements,  incomplete 
mixing  and  combustion  of  the  fuel  components  and  other  losses 
diminish  heat  emission  and  the  potential  energy  of  the  gas  (full 
inlet  pressure  in  nozzle  pH  ),  utilized  upon  expansion  of  the  gas 
in  the  nozzle.  All  this  results  in  the  downgrading  of  the  engine 
characteristics,  specifically,  a  reduction  in  the  specific  thrust. 

Inasmuch  as  the  magnitude  of  specific  thrust  is  proportional 

Vttr.  then  the  degree  of  distinction  of  the  actual  processes  in 

the  combustion  chamber  from  the  theoretical  processes,  i.e.,  the 
quality  index  of  the  actual  processes  can  be  evaluated  by  the  quantity 


where  ratio  of  actual  to  theoretical  chamber  pressure; 

and  actual  and  theoretical  values  of  the  product  of  the  gas 

constant,  and  temperature,  respectively. 

However,  an  experimental  determination  of  the  quantity  rkTv* 
in  the  chamber  is  not  yet  possible;  therefore,  another  value  is  taken 
as  criterion  of  the  efficiency  of  the  combustion  chamber,  depending 
in  many  respects  on  the  perfection  of  processes  in  the  chamber  and  on 
that  determined  experimentally.  Such  a  value  is  specific  impulse 
pressure  in  the  chamber  (complex  6).  Degree  of  distinction  of  the 
actual  processes  from  the  theoretical  processes  in  the  combustion 
chamber  can  be  represented  as: 


(16.2) 


where  8  -  value  of  the  complex,  determined  in  the  experiment;  8.  - 

3  *- 

theoretical  value  of  the  complex. 


I 

f 

► 

i  e 

f 

3 

P 

t. 

1 

n 

lantity 


gas 


taken 
ding 
ind  on 
:;e 
the 
.on 

) 


The  quantity  <p  defines  in  its  entirely  the  complex  of 

P 

processes  in  the  combustion  chamber  together  with  the  subsonic 
section  of  the  nozzle.  In  the  absence  of  irreversible  phenomena  in 
the  subsonic  section  of  the  nozzle  reliably  defines  the 
perfection  of  the  processes  in  the  combustion  chamber.  .Otherwise, 
high  or  underrated  values  of  can  give  an  incorrect  representation 
of  the  perfection  of  work  of  the  combustion  chamber. 

For  example,  during  the  determination  of  under  conditions  of 

Pi,  ^pIi  >  Fkp*  expenditure  of  Gg  as  a  result  of  friction  in  the 
subsonic  section  of  the  nozzle  seems  underrated  in  comparison  to  the 
amount  necessary  to  compensate  for  the  lowering  of  p  due  to 

K 

incompleteness  of  combustion.  In  two-phase  flow  the  high-speed 
nonequilibrium  consumption  process  results  in  an  increase  in 
expenditure.  Thus,  in  first  case  the  high  values  of  ^  can  exist 
even  with  a  low  quality  of  the  processes  in  the  combustion  chamber, 
whereas  in  the  second  case,  the  low  values  of  ^  —with  perfect 
combustion . 


Just  as  the  specific  thrust,  the  specific  impulse  pressure  in 
the  chamber  is  also  proportional  VRkTk*,  and  consequently,  the 
imperfection  of  the  processes  in  the  combustion  chamber  can  be 
expressed  by  B  through  [  The  irreversible  phenomena  in  the 

subsonic  section  of  the  nozzle  can  be  considered  with  the  help  of 
coefficient  of  consumption  vc>  In  this  way: 


(*i 


(16.3) 


or 


(16.4) 


~  Coefficients  ip,  and  <pp„  are  the  most  commonly  used  coefficients, 

evaluating  the  perfection  of  the  processes  in  the  combustion  chamber. 
Values  of  usually  amount  to  0.96-0.99  and  are  determined  by  the 
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fuel  (coefficient  of  excess  oxidizer  ot),  by  the  carburetion  system, 
by  the  pressure  in  the  combustion  chamber  and  its  length. 

As  has  been  mentioned,  the  basic  reasons  for  the  incomplete 
heat  release  are  the  imperfect  mixing  of  the  fuel  components  and 
Incompleteness  of  other  processes:  vaporization  "liquid-liquid" 
diagram,  "gas-liquid,"  diffusion,  actual  combustion.  These  two 
different  reasons  for  losses  sometimes  can  be  evaluated  based  on 
their  nature  in  the  following  manner. 

In  order  to  estimate  the  degree  of  perfection  of  the  mixing  of 

process  of  the  fuel  components  the  values  of  specific  thrust  in  a 

vacuum  P  ,  should  be  compared,  where  they  have  been  obtained  in 

yfl  •  n 

case  of  a  prescribed  distribution  of  the  fuels  component  ratio  as 
well  as  in  case  of  their  actual  distribution,  supplied  by  the  data 
by  the  carburetion  system  (see  11.1). 

In  the  particular  case  of  the  heterogeneity  of  k,  with  two-zone 
distribution,  the  theoretical  value  p  in  accordance  with  formula 
(11.33)  should  be  defined  as: 

Pnn  i  « » *  +  S<*P y*  n «  ct. 

where  and  f«T-GeT/G—  relative  fractions  of  the  consumption, 

respectively,  in  the  nucleus  as  well  as  in  the  boundary  zone;  Pyt 
Pn*i*t—  theoretical  values  of  specific  thrust  in  a  vacuum  in  these 
same  zones  with  *■**«  and  these  values  are  determined  by 

thermodynamic  calculation. 

Since  g«-l— £ct,  then 

P  jn-M  i  ■  P  yu  i « — 


■ger  {Pywa  i «  P jam  t  ct)  . 


(16.5) 


In  order  to  determine  the  values  P>ant  with  actual  distribution 
of  the  fuel  components  it  is  necessary  to  subdivide  the  cross  section 
of  the  combustion  chamber  into  larger  possible  number  of  elementary 
sections  with  an  area  and  to  determine  the  values  of  relative 
consumption  g^  and  fuels  component  ratio  . 

The  value  of  specific  thrust  in  a  vacuum  Pyant  for  entire 
combustion  chamber  is  equal  to  the  sum  of  values  pTM(i  through  all 
sections  (see  Chapter  XI): 

n 

^yi  ,  n  I  '  yl  n  ll. 

I 

where  n  -  number  of  sections,  into  which  the  cross  section  of  the 
combustion  chamber  has  been  subdivided. 


Thus,  the  coefficient,  determining  the  quality  of  mixing  of  the 
components,  or  the  coefficient  of  perfection  of  the  mixing,  is  equal 
to 


^  g iP yj.n  II 
Py*.n  i 


or  with  two-zone  distribution 
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(16.6) 


(16.7) 


The  value  of  coefficient  4-  is  usually  less  than  of  unity; 
however,  using  a  certain  curve  this  coefficient  can  be  more  than 
unity.  The  greater  the  value  $CM»  the  better  organized  are  the 
processes  of  mixing  of  the  fuel  components.  The  authenticity  of 
values  of  ♦  depends  on  the  reliability  of  the  determination  of 

C  M 

diagrams  of  the  actual  distribution  of  and  g^  The  determination 
of  such  diagrams  for  an  actual  head  is  possible  by  calculated  and 
experimental  methods.  Both  methods  are  approximate. 


Thus,  the  losses,  governed  by  the  Imperfection  of  the  mixing 
of  the  fuel  components  are  determined  separately.  The  degree  of 
perfection  of  the  remaining  processes  in  the  combustion  chamber 
can  be  evaluated  by  a  certain  coefficient  of  6 

rop 

By  setting  jic^const,  let  us  write  down: 


9p  =  9cm%, 


(16.8) 


Since  <pp  and  are  known,  then 


(16.9) 


The  coefficient  $r0p  evaluates  the  quality  of  the  processes  of 
vaporization  and  of  the  subsequent  mixing  in  the  gas  phase  (turbulent 
diffusion)  and  the  combustion  itself.  The  degree  of  completeness 
of  these  processes  depends  on  whether  or  not  the  time  of  stay  of 
the  fuel  components  in  the  combustion  chamber  is  adequate,  i.e., 
whether  or  not  its  sizes  are  sufficient. 

The  relative  change  in  the  specific  thrust  as  a  Result  of  the 
imperfection  of  the  processes  in  the  combustion  chamber  are 
acceptable  inorder  to  evaluate  the  formula 

IP  .  _ 

7*  «■«  n  ~  1  —  9a  • 


As  it  is  apparent,  using  such  a  means  of  evaluating  estimation 

the  amount  of  losses  of  specific  thrust,  &Pra*c  does  not  depend  on 

the  parameters  of  the  process  of  expansion.  However,  as  the 

calculations  presented  in  Chapter  XI  show,  the  effect  of  chemical 

heterogeneity  and  incompleteness  of  combustion  change  depending  on 

the  narameters  of  the  expansion  process  {6PyM.*.c  increases  with  an 

increase  in  the  relative  area  f  or  n  ) .  A  more  thorough  calculation 

c  c 

of  the  dependence  of  losses  t)P1XKc=l(fc) .  requires  reliable  data  based 
or.  the  diagram  zf  distribution  of  tc ^  and  based  cm  the  incompleteness 
of  combustion  and  even  in  the  absence  of  these,  it  is  expedient. 
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16.3.  Generali  zed  Characteristics  of  the  Processes 


Th->  best  known  generalized  characteristics  of  the  processes  in 
the  combustion  chamber  of  a  ZhRD  are  as  follows. 


1.  Time  of  stay.  The  time  of  stay  Tt  is  called  that  time 
during  which  the  fuel  components  and  the  products  of  combustion 
produced  from  them  are  actually  in  the  combustion  chamber. 


Usually  one  uses  the  approximate  value  of  t  ,  which  merely 
determines  the  gaseous  phase  (i.e.,  vaporized  components  and  products 
of  their  combustion)  spends  the  time  in  the  combustion  chamber. 

This  quantity  is  written  as: 


T 


II 


f>K  C  _  Vt.rV 

a  '  a  ’ 


(16.10) 


where  G  —  weight  of  the  gas  in  the  combustion  chamber;  G  - 

H  •  C 

consumption  in  seconds;  V  „  —  volume  in  the  combustion  chamber  (it 
is  usually  defined  as  the  volume  in  front  of  the  critical  section); 
q  —  average  density  of  the  gas  in  the  combustion  chamber.  It  is 
obvious  that  for  "liquid-liquid”  and  "gas-liquid"  diagram  TnCin,. 
for  "gas-gas"  a  diagram  these  quantities  coincide. 


A  further  approach  amounts  to  replacing  difficulty  determinable 
amount  value  o  by  the  quantity  Qk*.  which  pertains  to  exit  section 
of  the  combustion  chamber.  Then 


(16.11) 


Since  then  the  value  t  ,  as  defined  by  the  formula  (16.11), 

is  less  real.  For  a  comparative  evaluation  this  is  immaterial. 

Taking  into  account  the  equation  of  state  and  the  formula  for 
complex  8  we  will  obtain: 


or 


3 

Xn=L'9iJ:' 


(16.12) 


where 


/  -Y±< 

r*i 


(16.13) 


the  so-called  given  length  of  the  combustion  chamber. 


2.  The  corrected  length  of  the  combustion  chamber.  As  can  be 


seen  from  the  formula  (16.12),  the  quantity  L  is  proportional  to 
the  time  of  stay  of  the  gases  in  the  combustion  chamber  and  determines 
to  some  degree  the  combustion  efficiency  of  the  fuel. 

The  value  L  depends  on  the  nature  of  the  fuel  and  on 
rip 

conditions  of  carburetion.  For  a  "liquid-liquid"  diagram  the  order 
of  value  in  Lnp  in  u  iS  as  follows: 

Nitric  acid-hydrocarbon  fuel .  2.0-3 

Nitric  acid-NDMO .  1.5-2 

Oxygen-ethyl  alcohol .  2.5-3 

Oxygen-kerosene . . .  1.5-2. 5 

Oxygen-hydrogen .  0.25-0.5 

Fluorine-ammonia .  1.0-1. 5 

Hydrazine  (unitary  fuel) .  0.8-3 

3.  Specific  weight  flow  of  the  combustion  chamber.  The  specific 
weight  flow  is  called  the  consumption  of  the  working  medium  through 
a  unit  area  of  the  combustion  chamber  per  second.  It  is  determined 
according  to  the  formula 
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Experiments  show  that  with  an  increase  in  p  }  the  working 

process  in  the  combustion  chamber  is  intensified.  Therefore,  with 

* 

an  increased  p  through  the  same  area  of  the  chamber,  F  can 

H  H 

deliver  a  larger  quantity  of  fuel,  i.e.,  the  value  Gp  can  be 
increased. 

The  ratio  of  the  permissible  specific  weight  flow  of  the 

combustion  chamber  of  a  ZhRD  to  the  pressure  in  it,  can  be  considered 

approximately  constant  and  it  can  be  used  with  calculations  making 

2*2 

use  of  such  data  (G„  kg/s*m  ,  p  N/m  ): 

X*  K 


4 .  Volumetric  calorific  Intensity  of  the  combustion  chamber. 
Its  value  is  determined  by  the  formula 


O  - GH • 
Vy  — — — • 


(16.15) 


By  solving  f ormu ior  0  it  is  simple  to  derive  the  expression  (16.15) 
in  the  form 
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(16.16) 


As  it  appears,  all  things  being  equal,  Qy  depends  on  p^ 


Frequently  instead  of  Qy  the  given  calorific  intensity  is 
used,  being  defined  as 


O  _  CV 

vy  np - ;  • 


can  be 


Using  the  expression  (16.12),  the  formula  for  Qvnp 
written  as: 


Qv  np 


H. 


(16.17) 


Since  Rj\  ~HU,  then  —  and  can  be  used  on  an  equal  basis 

with  t  or  L 

n  np 

Generalized  characteristics  of  the  processes  t„.  Lap,  Gf/pk*  and 
Qvap  are  interrelated;  in  this  case  none  of  them  can  be  reliably 
determined  by  the  theoretical  method.  Nevertheless,  these  values 
are  necessary  for  the  determination  of  the  sizes  of  the  combustion 
chamber.  The  basic  source  of  information  or.  the  values  t0,  L  Dpt  Gr/Pti* 
and  Qrai>  are  statistical  data,  accumulated  in  process  of  testing 
and  perfecting  models  of  the  combustion  chamber. 
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CHAPTER  XVII 

PROCESSES  OP  GAS  GENERATION 

In  this  chapter  the  processes  of  gas  generation  using  liquid 
fuel  are  examined.  The  methods  of  designing  gas  generators  working 
on  unitary  and  two-component  fuels  are  presented,  the  methods  of 
producing  steam  coolant  passage  are  qualitatively  described  with 
the  assumption  that  the  working  process  is  ideal. 

In  conclusion,  the  thermodynamic  efficiency  of  the  various 
methods  of  gas  generation  are  examined. 

17.1.  General  Information 


Auxiliary  power  units,  which  utilize  the  chemical  energy  of 
liquid  or  solid  fuel,  produce  the  working  medium  -  the  generator 
gas,  which  is  either  directly  applied  to  the  pressurized  fuel-feed 
systems  and  the  power  supplies  of  the  servomechanisms,  or  it 
enters  turbine,  which  drives  the  necessary  units.  The  processes 
of  gas  generation  -  these  are  processes  of  the  conversion  of  the 
chemical  energy  of  the  fuel  into  a  thermal  form  of  energy  of  the 
working  medium. 

When  utilizing  liquid  fuel  the  processes  of  gas  generation  are 
similar  in  principle  to  the  processes  performed  in  the  basic 
combustion  chamber  of  (MPfl)  [ZhRD  -  liquid-fuel  rocket  engine].  In 
principle,  the  processes  are  also  the  generalized  characteristics  of 
the  processes  of  gas  generation:  the  time  of  stay,  the  given 
length,  and  so  forth. 
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The  basic  requirements,  imposed  on  an  auxiliary  power  unit 
including  the  liquid  gas  generators,  can  be  listed  as  follows: 

1)  high  economy,  i.e.,  minimum  expenditure  of  fuel  for  the 
purpose  of  gas  generation; 

2)  small  over-all  sizes  anti  weights; 

3)  wide  range  and  convenience  of  adjustment; 

4)  high  reliability  and  safety  of  operation. 

Depending  on  the  actual  purpose  of  the  system  other  specific 
requirements  are  also  imposed  on  it. 

Figure  17.1  presents  the  classification  of  certain  methods  of 
gas  generation  using  liquid  fuels. 


Fig.  17.1.  Classification  of  certain 
means  of  gas  generation. 


The  distinctions  among  the  processes  in  gas  generators  and  the 
basic  combustion  chambers  Is  determined  by  the  need  to  generate 
a  working  medium  at  a  relatively  low  temperature,  not  exceeding  the 
maximum  permissible  for  a  turbine,  fuel  tanks  or  servomechanisms. 

The  low  temperatures  and  rather  high  pressures  In  the  chamber  of  the 
gas  generator  require  one  to  consider  a  number  of  characteristics 
of  the  actual  processes  upon  completion  of  a  thermodynamic  analysis, 
which  one  can  ignore  when  calculating  the  basic  chambers  of  a  liquid 
fuel  rocket  engine.  These  are,  first  of  all,  the  kinetic  phenomena 
(evaporation,  rate  and  mechanism  of  the  chemical,  reactions),  time 
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of  passage  which  becomes  commensurable  with  the  time  of  stay  of  the 
fuel  in  the  chamber  of  the  gas  generator.  The  other  characteristic, 
that  of  the  products  of  combustion,  is  not  ideal  (in  the  sense  of 
an  equation  of  state)  and  has  a  noticeable  effect  which  is  manifested 
I  at  low  temperatures  and  high  pressures. 

The  variety  of  factors,  which  determine  the  actual  passage 
of  processes  in  gas  generators,  the  complexity  of  the  experimental 
investigation  in  order  to  confirm  these  or  any  other  models  of 
calculations  do  not  at  present  provide  for  general  and  strict  methods 
of  calculation.  Therefore,  statistical  oata  are  used  in  the  design 
of  a  gas  generator  for  perfecting  fuel.  When  utilizing  a  new  fuel, 
a  special  investigation  is  required.  For  initial  evaluation  a 
method  of  thermodynamic  calculation,  based  upor  an  assumption  about 
the  chemical  equilibrium  can  be  used. 

>f 

The  effect  of  the  nonideal  nature  of  the  combustion  products 
was  examined  in  Chapter  XI j  there  the  methods  of  thermodynamic 
calculation  were  described.  Figure  17.2  serves  as  an  example  for 
the  comparison  of  the  results  of  the  calculation  of  the  temperature 
of  equilibrium  combustion  for  a  fuel  of  the  kerosene  +  02w  type. 

As  it  appears,  with  an  increase  In  the  pressure,  the  deviation 
AT  *  Tpea/i  "  TM,a  increases  j  in  this  case,  sign  of  the  deviation 
depends  on  excess  oxidizer  ratio. 
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Fig.  17.2.  Effect  of  actual 
conditions  on  the  equilibrium 
temperature  of  combustion. 


^32 


Let  ua  examine  the  possible  means  of  obtaining  generator  gas. 


17.?.  Utilization  of  Unitary  Fuel 

Most  widespread  and  perfected  liquid  unitary  fuel  is  hydrogen 
peroxide. 

Usually,  aqueous  solutions  of  permanganates,  NaMnO^  and  Ca(Mn01<)2 
are  used  as  catalysts  for  the  exothermal  decomposition  of  hydrogen 
peroxide.  The  contact  of  hydrogen  peroxide  and  the  catalyst  can 
be  accomplished  using  two  variations: 

1)  direct  contact  of  the  atomized  H202  and  the  liquid  catalyst 
sprayers ; 

2)  contact  of  hydrogen  peroxide  with  the  surface  of  a  solid 
catalyst,  a  granulated  substance,  saturated  in  a  permanganate 
solution. 

The  catalytic  actions  on  hydrogen  peroxide  does  not  immediately 
yield  permanganate,  but  manganese  peroxide,  MnC>2.  At  a  100?  concen¬ 
tration  of  H202  sodium  permanganate  reacts  to  form  MnC>2,  as  such: 

2N*MnOt + 3H  A  -  2NaOH  +  2MnO*  +  2HA  +  30j + <?, .  (17.1) 

Only,  then  after  yielding  active  Mn02,  does  the  second  reaction 
take  place  -  the  actual  decomposition  of  hydrogen  peroxide: 


2H  A  — •  2H  jO*  +  Oj + Q2. 


The  quantity  of  heat  being  liberating  in  this  reaction  allows 
for  the  evaporation  of  all  formed  water,  arid  in  addition,  it  allows 
for  the  heating  of  the  vapor-gas  mixture,  consisting  of  steam  and 
oxygen.  Taking  into  account  the  expenditure  of  heat  to  evaporate 
thfr  water,  this  reaction  can  be  written  as: 


2HA  — 2H20rM+02+ 108450  kJ  . 


(17.2) 


^33 


gas . 


logen 

a ( MnO  ^ )  2 

ogen 

an 

alyst 

Id 


^lately 
oncen- 
ch : 

17.1) 

action 


,1  ows 
Hows 
laid 
Ut-  e 


Differences  in  the  organisation  of  the  decomposition  process 
of  hydrogen  peroxide  with  the  aid  of  solid  or  liquid  catalyst  can 
be  reduced  to  the  following.  When  using  a  liquid  catalyst,  the 
products  of  the  first  reaction  (17.1),  including  MnOp,  are  removed 
from  the  reaction  chamber,  is  connected  with  the  fact  that  for  the 
decomposition  of  new  portions  of  HpOp  a  renewai  active 

catalyst,  MnC>2  is  required,  i.e.,  a  continuous  supply  of  the  liquid 
catalyst . 

When  using  a  solid  catalyst  which  has  been  released  in  the 
primary  reaction,  the  manganese  peroxide  is  retained  on  the 
surface  of  the  pack  of  the  catalyst.  The  quantity  and  activity 
of  the  Mn02  are  sufficient  for  the  decomposition  of  a  considerable 
quantity  of  hydrogen  peroxide,  which  is  continuously  washed  over 
the  surface  of  the  pack.  Thus,  when  using  a  solid  catalyst,  the 
specific  weight  of  the  primary  reaction  (17.1)  in  comparison  with  the 
main  reaction  (17.2)  is  very  small.  Therefore,  when  determining 
the  composition  and  temperature  of  the  steam  gas,  it  can  not  be 
considered  the  primary  reaction.  In  the  case  of  utilizing  &  liquid 
catalyst,  the  primary  reaction  has  relatively  substantial  value  and 
should  be  taken  into  account  in  the  calculation. 

In  practice  hydrogen  peroxide  is  usually  not  applied  at  100? 
concentration,  but  it  is  an  aqueous  solution.  The  concentration 
of  hydrogen  peroxide  by  weight  Q  can  be  expressed  usually  in  frac¬ 
tions  of  unity.  The  calculation  of  the  composition  and  of  the 
temperature  of  products  of  decomposition  of  hydrogen  peroxide  can 
be  performed  based  on  described  methods  in  Chapters  VI  and  VIII. 

As  a  result  of  simple  composition  of  vapor  gas  (02  and  H20),  the 
calculation  is  quite  simple. 

Figure  17.3  shows  the  weight  (g)  and  volumetric  (r)  fractions 
of  H20  in  a  vapor-gas  mixture,  and  in  addition,  the  values  of  the 
average  molecular  weight  y  of  the  vapor-gas  with  the  decomposition 
of  hydrogen  peroxide  at  various  concentrations  in  presence  of  a  solid 
catalyst.  As  it  appears,  the  higher  the  concentration  of  HpO., ,  the 
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smaller  the  fraction  of  1^0  and  the  largsr  the  fraction  of  oxygen  in 
the  steam  gas.  Because  >  uH  the  average  molecular  weight  of 

the  steam  gas  increases  with  an  increase  in  c„  n  . 

n2u2 
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Pig.  17.3.  Composition  and  mole¬ 
cular  weight  of  the  decomposition 
products  of  hydrogen  peroxide  at 
various  concentrations. 
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The  temperature  of  the  steam  gas  depends  on  the  concentration 

of  hydrogen  peroxide  and  should  be  at  a  maximum  when  c„  _  ■  1. 

H2°2 

Figure  17.4  shows  the  change  in  the  theoretical  temperature  of 
the  steam-gas  mixture  depending  on  the  concentration  of  the  hydrogen 
peroxide  when  using  a  solid  catalyst.  Also  shown  on  this  chart  are 
the  values  of  specific  working  capacity  to  steam  gas,  RT.  The 
actual  heat  emission  is  approximately  0.92-^»95  that  of  the 
theoretical. 
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Fig.  17.4.  Dependence  of  T 
and  RT  of  the  decomposition 
products  of  hydrogen  peroxide 
on  its  concentration  when 
using  a  solid  catalyst. 
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The  steam  gas  produced  by  the  decomposition  of  hydrogen  peroxides 
is  usually  used  for  the  drive  of  turbines.  The  power  of  the  turbine 
can  be  regulated  by  a  change  in  the  quantity  of  hydrogen  peroxide 
applied  at  a  constant  temperature  of  the  steam  gas. 

As  can  be  seen  from  Fig.  17. the  concentration  of  hydrogen 

peroxide,  cH  n  *  0. 8-1.0,  offers  a  wide  range  of  temperature  for 
h2u2 

steam  gas.  The  value  of  cu  is  selected  depending  on  the 

H2U2 

permissible  temperature  in  front  of  the  turbine. 

Figures  17.5  and  17.7  present  the  thermodynamic  characteristics 
of  other  liquid  unitary  fuels. 


Fig.  17.5.  Dependence  of  T 
and  RT  of  the  decomposition 
products  of  asymmetrical 
dimethylhydrazine,  on  pres¬ 
sure  . 


The  specific  working  capacity  of  the  gas  RT,  of  these  fuels 
is  higher  than  by  the  decomposition  of  hydrogen  peroxide.  As  a 
result  of  complete  absence  of  an  oxidizer  in  the  products  of 
decomposition  the  latter  have  a  low-activity  level  with  respect  to 
the  structural  material.  The  generator  gas,  produced  by  the  decom¬ 
position  of  C2HgN2,  contains  solid  condensed  particles  of  carbon. 

A  diagram  of  a  possible  design  of  a  gas  generator  working  on 
monopropellant  (for  example,  hydrazine)  is  presented  in  Fig.  17.6. 

The  monopropellant  is  forced  through  sprayer  1  in  an  annular  space, 
formed  by  cone  2  and  cylinder  3.  An  electric  coil  4  is  set  in  the 
annular  space  and  is  heated  by  a  source  of  current  prior  to  starting. 
Subsequently,  the  source  of  current  is  turned  off  and  a  stable 
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reaction  goes  on  owing  to  the  heat  of  the  products  of  decomposition; 
the  coil  in  this  case  plays  the  role  of  a  catalyst.  The  partially 
decomposing  monopropellant  is  fed  through  the  system  of  apertures 
5  inside  cylinder  3,  where  the  decomposition  is  completed,  and  the 
gas  enters  pipe  6.  Cavity  7  serves  to  cool  sprayer  1,  in  order  to 
prevent  the  beginning  of  decomposition  of  the  fuel  in  the  sprayer. 


Pig.  17.6.  Approximate  dia¬ 
gram  of  a  gas  generator 
working  on  monopropellant 
(patent  USA,  No.  3142541, 
1961). 


Experiments  with  hydrazine  in  a  sealed  bomb,  showed  that  during 
a  thermal  decomposition  of  there  are  two  successive-stage 

reactions  according  to  the  equations 

3N2H4 — 4NH, + N2  -f  335,5  m>  (17  3) 

4NH3=2Na+6H,- 184,2  M.  (1?’4) 

As  the  results  of  thermodynamic  calculations  show  based  upon 
chemical  equilibrium,  at  temperatures  below  400°K  in  products 
of  decompositions,  according  to  the  reaction  (17.3),  there  are  only 
NH^  and  N^.  However,  if  temperature  rises  significantly  above 
400°K,  then  NH^  decomposes  thermally  accordingly  to  equation  (17.4), 
and  at  a  temperature  above  800°K  the  decomposition  products  of 
should  not  contain  ammonia. 

In  cases  where  the  second  reaction  (17.4)  for  some  reason  does 
not  fo  to  completion,  the  adiabatic  temperature  or  decompose i^n  ’ c 
equal  'v.l650°K;  however,  at  equilibrium  decomposition,  870°K. 
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The  time  of  stay  in  the  chamber  of  the  gas  generator  can  amount 
to  several  milliseconds;  therefore,  it  is  natural  to  expect  that 
only  a  part  of  the  NH^  will  decompose  depending  on  the  rate  of  the 
reaction  (17.  *0.  If  the  reaction  (17.3)  goes  to  completion,  but  the 
reaction  based  on  equation  (17.^)  does  not  go  to  completion  (experi¬ 
ments  show  that  the  first  reaction  goes  faster  than  the  seiond), 
then  the  general  reaction  of  decomposition  can  be  represented  as' 
a  dependence  of  the  molar  fractions  x  of  the  dissociated  in 
the  following  manner: 


2  N2H,  -  4  ( 1  —  x)  NH,  + 1 1  +  2jc)  N, + 6*H, + <335.5  - 184 ,2x).  (17.5) 

The  molecular  weight  of  the  decomposition  products  accordingly 
to  general  reaction  (17.5)  is  equal  to: 


5+  4-r  ’ 


(17.6) 


where  5  ♦  **x  -  total  number  of  moles  of  the  products  of  decomposition. 
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Pig.  17.7.  Dependence  of  T  and  RT 
of  the  decomposition  products  of 
hydrazine  depending  on  the  dissociated 
fractions  of  NH^ • 


The  characteristics  of  hydrazine,  applied  as  a  liquid  fuel  in  a 
gas  generator,  depend,  consequently,  on  the  quantity  of  dissociated 
NH^.  Figure  17.7  serves  as  an  example  of  values  of  T  and  RT 
depending  on  x.  It  is  wise  to  heed  the  fact  that  the  values  of  T 
and  RT  in  interval  0  <  x  <  0.8  change  approximately  by  5X,  despite 
the  fact  that  T  with  an  Increase  in  x  substantially  diminishes. 

Thio  is  causeu  oy  cne  face  that  with  the  decomposition  of  NH^ 
is  liberated  and  the  average  molecular  weight  diminishes  at  approxi¬ 
mately  the  same  rate  T  diminishes. 


Certain  action  in  the  decomposition  of  can  affect  the  design 

of  a  gas  generator,  enabling  it  to  produce  various  times  of  stay. 

17.3*  Utilization  of  a  Bipropellant 

Using  the  same  fuel  in  a  gas-producing  device  and  also  in  the 
basic  chamber  is  considered  the  most  rational  approach.  Bipropellant 
usually  applied  in  rocket  engines  develop  a  high  temperature  of 
combustion.  Its  limitation  other  than  that  Imposed  by  the  basic 
chambers,  are  the  conditions  of  the  utilization  of  the  fuel  itself 
in  the  gas  generators.  It  is  obvious  that  the  lowering  of  the 
temperature  of  combustion  can  produce  a  deviation  from  those 
relationships  between  the  oxidizer  and  fuel  whereby  a  maximum 
temperature  is  reached,.  In  other  words ,  one  of  components  by  its 
excess  should  ballast  the  mixed  fuels  and  thus  depress  the 
temperature  of  combustion. 

Figure  17.8  shows  the  values  of  the  theoretical  temperature  of 
combustion  and  values  of  RT  for  the  products  of  combustion  of  a  fuel 

of  the  kerosene  +  0^  type  over  a  wide  range  of  the  excess  oxidizer 

ratio  a.  From  the  chart  it  is  evident  that  the  lowering  of  the 
temperature  of  the  products  of  combustion  is  also  attained  by  an 

excess  of  oxidizer  (o  >  1),  and  by  an  excess  of  fuel  (a  <  1); 

however,  this  lowering  is  not  attained  with  the  same  character  of 
change  in  values  of  T  and  RT  in  these  two  different  ranges  of  n . 

Accordingly  to  Fig.  17.8  the  same  maximum  permissible  tempera¬ 
ture  of  gas  can  be  produced  at  a  constant  pressure  of  combustion 
either  with  small  values  of  the  excess  oxidizer  ratio  a,  or  with 
a  large  a.  In  the  ranges  of  small  a,  there  is  a  substantially  larger 
specific  working  capacity  of  the  gas  RT,  which  can  be  explained  by 
the  low  molecular  weight  of  the  products  of  incomplete  combustion. 

The  gas  mixture,  produced  with  a  small  a,  is  a  reducing  medium,  not 
harmful  for  the  majority  of  materials,  whereas  in  the  composition  of 
the  products  of  combustion,  produced  with  a  large  a,  there  is  much 
free  active  oxidizer. 
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Fig.  17.8.  Dependence  of  T  and 
RT  of  the  combustion  products  of 
a  fuel  of  the  kerosene  +  liquid 
oxygen  type  on  a  (p  =  100  bar). 
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Because  the  prescribed  proportion  of  fuel  components  (excess 
oxidizer  ratio)  is  held  constant  only  within  specified  limits  when 
in  operation,  then  with  a  change  in  a  fluctuations  in  the  temperature 
of  the  gas  are  possible.  These  fluctuations  can  be  dangerous  for 
systems,  serving  as  a  gas  generator,  especially  for  turbine  blades, 
and  these  fluctuations  must  be  reduced  to  a  minimum.  In  connection 
with  this,  it  may  be  of  interest  to  compare  rate  of  change  in  the 
temperature  of  gas  within  the  ranges  of  small  and  large  a.  Consider¬ 
ing  what  is  specified  for  that  or  any  other  range  of  tolerance  of  the 

regulator,  and  having  the  proportion  of  the  fuel  components  in  the 

form  6 »c/tc  *  6a /a,  we  will  obtain  that  rate  of  temperature  change 
is  3T/3  In  a.  Figure  17.9  shows  the  change  [3T/3  In  a]  based  on  a  for 

kerosene  +  °2w  fuel.  A3  it  appears,  at  the  same  temperature  and 

constant  relative  tolerance  for  the  proportion  of  fuel  components, 
the  rate  of  temperature  change  is  different  in  the  range  of  small 
and  large  a. 

From  this  viewpoint  a  small  a  Is  more  favorable  for  the  specified 
fuel,  where  [3T/3  In  a]  is  less  than  in  the  range  of  a  larger  a. 
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Fig.  17.9.  Dependence  of  the  rate 
of  temperature  change  of  the 
products  of  combustion  of  a  fuel 
of  the  kerosene  +  liquid  oxygen 
type,  on  a  (p  *  100  bar). 
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Thus,  the  generator  gas  produced  when  a  <<  1,  based  on  the 
examined  criteria  has  a  decided  advantage.  However,  when  selecting 
an  actual  variant  (<*rr  <<  1  or  ar(_  >>  1)  it  is  necessary  to  also 
consider  other  no  less  important  factors:  necessary  expenditure  In 
schemes  with  afterburning,  possibility  of  using  generator  gas  for 
supercharging  in  both  the  fuel  tanks,  and  the  oxidizer  tanks  as  well 
as  in  others. 

For  two-compcnent  gas  generators  it  is  better  to  use  self- 
igniting  fuels  or  make  one  of  the  components  of  the  nonself-igniting 
fuel  more  active.  However,  even  in  this  instance  the  organization 
of  reliable  ignition  and  the  ensuing  stable  combustion  with  large 
excess  of  one  of  the  components  of  the  fuel  poses  serious  dif¬ 
ficulties.  Therefore,  apart  from  the  diagram  of  direct  mixing  of 
the  fuel  components  with  the  required  a  in  the  zone  of  the  nozzle 
head,  there  are  other  existing  purposes  for  more  reliable  and  more 
stable  work  of  the  chamber.  One  of  possible  schemes  is  a  two-zone 
fuel  supply  into  the  chamber  (Fig.  17.10).  Here,  in  the  zone  I  the 
fuel  and  oxidizer  are  passed  through  the  head  in  a  proportion  reliably 
facilitating  ignition  and  atable  burning,  l.e.,  close  to  stoichio¬ 
metric.  The  excess  of  one  of  the  components  necessary  for  the 
corresponding  lowering  of  temperature  passes  through  the  auxiliary 
belt  in  zone  II. 
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Fig.  17.10.  Diagram  of  a  two-stage 
fuel  supply  in  the  chamber  of  the 
gas  generator. 


It  should  be  noted  that  the  thermodynamic  indexes  of  the  genera¬ 
ted  gas  using  this  method  will  be  different  from  parameters  of  gas 
generated  using  the  same  general  value  a  in  a  single-stage  scheme. 

In  order  to  calculate  a  diagram  with  a  two-stage  fuel  feed  experi¬ 
mental  data  is  required  on  the  complex  process  of  vaporization  and 
on  the  partial  combustion  of  the  excess  component,  and  in  addition, 
data  is  required  on  the  degree  of  balance  of  the  total  composition 
of  the  gas  mixture.  A  theoretical  prediction  of  the  composition  and 
temperature  of  generator  gas  using  complex  hydrocarbon  fuels  is 
difficult . 

A  thermodynamic  calculation  of  the  composition  and  temperature 
of  the  generator  gas  with  a  two-zone  fuel  supply  in  the  chamber  can 
be  accomplished  by  assuming  the  following  simplified  diagram  of  the 
process.  Since  the  heat  of  evaporation  and  the  heat  capacity  supplied 
in  the  second  zone  of  the  component  is  usually  rather  great,  the 
products  of  combustion  of  the  basic  fuel  after  its  introduction  are 
sharply  cooled.  The  rates  of  the  chemical  reactions  with  the  drop 
in  temperature  diminish  and  at  certain  temperature  T^,  can  be 
compared  to  the  rate  of  cooling.  At  further  cooling  the  composition 
does  not  change,  and  the  final  composition  of  generator  gas  is 
acquired  as  a  result  of  the  mixing  of  the  products  of  combustion  of 
the  basic  fuel  and  the  vaporizing  component. 

As  an  example  let  us  examine  a  possible  scheme  of  calculating 
a  gas  generator  with  an  overall  value  of  excess  oxidizer  ratio 
apr  >  1.  Pressure  in  the  combustion  chamber  the  value  of  excess 
oxidizer  ratio  in  the  first  zone  a-^,  temperatures  and  T  will 
be  considered  given. 


1.  Based  on  the  results  of  the  thermodynamic  calculation  at 
a  known  pressure  p  let  us  determine  the  value  a  ,  at  which  the 
equilibrium  value  of  the  temperature  is  equal  to  Tg  (enthalpy  of  the 
fuel  in  this  case  is  equal  to  deficiency  I  ).  The  lowering  of  the 
temperature  of  the  products  of  combustion  from  T  to  T  is  caused 
by  heating,  evaporation  and  by  the  participation  of  kg  of  oxidizer 
from  the  total  quantity  of  v  kg,  supplied  in  the  second  zone.  It 
is  obvious  that 


vi=(a,  ~a,)v 


(17.7) 


2.  In  order  to  lower  temperature  of  the  products  of  combustion 

of  a  fixed  composition  (number  of  moles  n.  )  from  T  up  to  T  for 

1  3  3  r  rr 

each  kilogram  of  the  mixture  v 2  kg  of  oxidizer  should  be  evaporated. 
At  a  temperature  of  T  the  enthalpy  of  the  mixture  amounts  to 


*/  »/<  (7“rr) 

2  H‘  »w 


(17.8) 


The  reduction  of  full  enthalpy  of  the  mixture  in  comparison  with 


Its  value  at  ag  is  equal  to 


a/=/t., - i 


2 


2  nl 


(17.9) 


This  decrease  should  be  compensated  by  the  increase  in  complete 
enthalpy  of  the  evaporated  \>2  kg  of  oxidizer: 


(17.10) 


where  I  M  ^  and  I  M  -  complete  enthalpy  of  the  liquid  and 
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evaporated  oxidizer  at  Tr|_  in  kJ/kg. 


Prom  the  last  equation  the  value  \>2  is  found: 


^w.rii  fot.m 


(17.11) 


4  it  3 


In  this  way,  the  total  quantity  of  oxidizer,  applied  in  the 
second  zone  per  1  kg  of  fuel,  is  equal  to 

v=vi  +  v2(H  a3*o),  (17.12) 

and  the  general  excess  oxidizer  ratio  in  gas  generator  amounts 
to 


a 


rr 


(17.13) 


The  gas  constant  is  found  in  the  following  manner.  The  combustion 
products  with  a  molecular  weight  of  pg  when  a  ,  now  consists  of  only 
a  part  of  the  generator  gas.  Their  weight  fraction  is 


g. 


l 

1  +  '2 


(17.1*0 


The  weight  fraction  of  the  evaporated  (and,  possibly,  the 
decomposing)  oxidizer  with  a  molecular  weight  p  constitutes 

U7.15) 

l  +  Vj 

The  gas  constant  of  the  steam-gas  mixture  is  equal  to 

Rrr--  g,R,±  (17.16) 


where  Ra  -  specific  gas  constant  of  the  products  of  combustion  when 

a  :  R  -  specific  gas  constant  of  the  evaporated  oxidizer 

a  oh . ra3 

(molecular  weight  p  ). 
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In  order  to  calculate  a  two-zone  gas  generator  when  ar(_  <  1 
one  could  use  the  same  mode  of  calculation,  by  changing  the  correspond¬ 
ing  formula  (17. 7\  (17.11). 

The  deficiency  of  the  examined  method  of  gas  generation  aside 
from  the  complication  of  design  is  difficulty  of  obtaining  a  uniform 
field  of  temperatures  at  the  exit  of  the  chamber  of  the  gas  generator; 
possible  local  temperature  peaks  are  harmful  to  the  turbine  blades 
and  servomechanisms. 


Based  on  information  given  in  the  literature  for  the  purposes 
of  gas  generation,  previously  examined  bipropellants,  such  as 
kerosene,  ammonia,  liquid  hydrogen  -  with  liquid  oxygen,  dimethyl- 
hydrazine,  hydrazine,  with  nitrogen  tetroxide  and  others,  were  used. 

The  possible  diagram  of  a  gas  generator  working  on  bipropellant 
of  the  kerosene  +  02w  type  is  presented  in  Pig.  17.11.  An  auxiliary 
supply  of  kerosene  in  the  zone  of  the  developed  combustion  through 
the  centrifugal  sprayer  provides  the  ballasting  of  the  combustion 
products  with  the  excess  of  kerosene. 

V' 

Pig.  17.11.  Possible  diagram  of 
a  bipropellant  gas  generator: 

1  -  exit  of  the  gas  generator 
gas;  ?.  -  fuel  supply;  3  -  supply 
of  oxidizer;  4  -  spark  plug;  5  - 
centrifugal  sprayer. 


The  above-examined  method  of  reducing  the  temperature  of  the 
products  of  combustion  of  bipropellanta  consists  of  ballasting  the 
fuel  rising  the  surplus  of  one  of  the  components.  The  same  effect 
of  depressing  the  temperature,  in  principle,  can  be  achieved  by 
using  as  ballast  the  basic  fuel  and  other  substances  having  significant 
heat  of  evaporation  and  a  high  htat  capacity,  as  for  example,  water; 
however,  the  presence  of  a  third  component  is  undesirable. 

17.^.  Obtaining  Steam  in  the  Coolant  Passage 
of  the  Chamber 

The  working  medium  for  a  turbine  can  be  produced  by  the 
evaporation  of  the  liquid  in  the  coolant  passage  of  the  chamber, 
an  open  ana  ciosea  scneme  of  producing  coolant  passage  are  distinguished 


In  the  closed  scheme  for  example,  water  can  be  used.  Water  Is 
fed  through  the  cooling  cavity  of  the  thrust  chamber,  the  water  is 
heated,  with  the  removal  of  heat  from  the  chamber  walls,  and  the 
water  is  converted  Into  steam  which  enters  the  turbine.  Turbine 
is  equipped  with  accessories,  including  a  water  pump.  The  consumed 
steam  enters  the  condenser  where  it  is  again  converted  into  water. 

Thus,  by  circulating  in  a  closed  circuit,  the  water  performs  two 
functions:  that  of  cooling  the  chamber  and  that  of  generating  steam 
for  the  turbine.  Saturated  water  vapor  of  the  high  temperature  can 
be  generated  in  the  cooling  cavity  of  the  chamber  at  rather 
high  pressures.  Its  parameters  are  determined  according  to  the  I-S 
diagram. 

The  closed  system  of  producing  steam  in  coolant  passage  is  complex 
and  is  characterized  by  considerable  weight  and  over-all  size; 
possible  leakages  are  very  dangerous  inasmuch  as  the  water  supply 
is  limited.  The  utilization  of  such  a  system  can  be  rational  only 
for  engines  of  large  thrust. 

Open  scheme  of  producing  steam  in  coolant  passage  does  not 
provide  for  the  circulation  of  the  same  working  medium  in  a  closed 
circuit.  Because  the  ejection  consumed  steam  behind  the  turbine  is 
too  uneconomical,  schemes  with  the  supply  of  steam  from  turbine  into 
the  combustion  chamber  is  proposed,  if  the  steam  Is  produced  from 
the  fuel  component,  then  its  combustion  takes  place  together  with 
the  second  component  in  the  combustion  chamber.  In  the  latter  case. 
Just  as  in  the  scheme  with  after  burning,  the  system  is  characterized 
by  high  economy. 

In  scheme  of  the  American  RL-10A  liquid-fuel  rocket  engine 
(Fig.  17.12),  operating  on  hydrogen  and  oxygen,  the  liquid  hydrogen 
enters  the  cooling  cavity  of  the  chamber  3  at  T  =  20° K,  and  then 
following  evaporation  and  preheating,  is  guided  to  turbine  2.  Behind 
the  turbine,  H?  is  used  as  a  combustible  component  in  the  combustion 
chamber.  The  turbine  in  this  scheme  operates  on  a  gas  of  a  very  low 
temperature  (%200°K);  however,  the  adiabatic  work  of  the  expansion 
of  the  hydrogen  is  considerable  as  a  result  of  the  large  value  of 
the  gas  constant. 
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Fig.  17.12.  Diagram  for  generating 
steam  in  coolant  passage  of  a  RL-10A 
liquid- fuel  rocket  engine  (USA). 


If  the  power  of  turbine  Nm  which  is  required  for  auxiliary 
systems  is  not  very  great,  then  quantity  of  heat  Q,  which  must  be 
removed  from  the  coolant  passage,  is  also  insignificant.  It  turns 
out,  in  particular,  the  less  heat  need  be  removed,  from  walls  for 
the  reliable  cooling  of  the  chamber. 

17.5.  The~ '  '"ynamlc  Efficiency  of  the  Various 
M^-chods  of  Qas  Generation 

The  most  important  indexes  of  a  flight  vehicle  dep  :nd  to  a 

large  degree  on  the  efficiency  of  the  system  of  gas  generation.  For 

this  vehicle  a  system  of  gas  generation  can  be  considered  most 

effective,  which  provides  the  necessary  work  Lj.  while  possessing 

the  least  weight  Grr.  Consequently,  the  value,  Lz/Grr  can  be  the 

criterion  of  the  efficiency  of  the  system.  Value  of  the  criterion 

of  the  efficiency  of  the  various  methods  of  gas  generation  substantially 

depends  on  L  ,  and  (RT)_  .  The  latter  can  be  called  the  criteria  of 
a,q  rr 

thermodynamic  efficiency.  Figure  17.13  presents  tentative  values 
of  (RT)r(_  and  Tr[_  using  various  methods  of  gas  generation  (pressure 
of  100  bar).  These  results  are  produced  by  thermodynamic  design 
assuming  chemical  equilibrium. 

The  following  methods  of  producing  generator  gas  (ordinal 
numbers  correspond  to  meanings  on  the  charts)  are  examined. 

1.  Combustion  of  the  fuel  H2w  +  02w  with  a  large  a  =  9. 0-7.0. 

2.  Combustion  of  the  fuel,  H2w  +  with  a  small  a  =  0.05-0.1. 
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Fig.  17.13.  Thermodynamic  efficiency 
of  various  methods  of  gas  generation. 

3.  Combustion  of  the  fuel  the  kerosene  +  02w  type  with  a  large 
a  ■  10-6. 

4.  Combustion  of  the  fuel  of  the  kerosene  +  02w  type  with  a 
small  a  =  0.05-0.  3. 


5.  Combustion  of  the  fuel,  asymmetrical  dimethylhydrazine  + 
nitrogen  tetroxide  with  a  large  a  «  10-4.5. 

6.  Combustion  of  the  fuel,  asymmetrical  dimethylhydrazine  + 
nitrogen  tetroxide  with  a  small  a  *  0.01-0.3. 

In  cases  1-6,  the  temperature  and  working  capacity  of  the 
generator  gas  change  depending  on. a. 

7.  Decomposition  of  hydrogen  peroxide  in  the  presence  of  a 
solid  catalyst;  the  range  of  concentrations  0. 7-1.0. 

8.  Decomposition  of  hydrazine;  the  mole  fraction  of  the 
dissociated  ammonia,  0. 1-1.0. 

9.  De oomposition  of  asymmetrical  dimethylhydrazine. 
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10.  Heating  and  evaporation  of  hydrogen  in  coolant  passage 

of  the  chamber. 

It  should  be  noted  that  the  criteria  of  thermodynamic  efficiency 
do  not  completely  characterize  the  perfection  of  the  methods  of 
gas  generation;  however,  they  are  used  as  a  generalized  estimate. 
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CHAPTER  XVIII 


CALCULATION  OP  THE  BASIC  PARAMETERS  OF 
AN  ENGINE 

The  procedure  for  calculating  an  engine  may  be  formulated, 
for  example,  in  the  following  manner:  the  engine  design,  which 
develops  a  thrust  in  a  vacuum  P^  at  a  pressure  at  the  head  of  p^ 
and  on  the  exit  from  the  nozzle,  p  .  The  fuel  components,  their 
proportion  k  and  the  theoretical  diagram  of  the  distribution  ic 
according  to  the  cross  section  of  the  combustion  chamber  are 
prescribed. 

In  this  chapter  the  procedure  for  determining  the  specific 
thrust,  fuel  consumption  sizes  of  the  chamber  are  considered.  For 
engines  with  generator  gas  ejection  or  with  a  pressurized  supply 
system  losses  should  be  considered,  connected  with  the  additional 
expenditure  of  the  working  medium  for  the  supply  of  components  in 
the  thrust  chamber.  For  the  case  of  generator  gas  afterburning  in 
the  basic  chamber  a  scheme  is  examined  for  calculating  the 
connection  between  the  pressure  in  the  combustion  chamber  and  the 
parameters  of  the  channel  from  the  inlet  into  the  pumps  to  the 
combustion  chamber. 

1 8 . 1 .  Determination  of  Actual  Specific  Thrust 
and  Second  Fuel  Expenditure  in  Seconds 

The  thermodynamic  calculation  of  a  given  fuel  with  several  value 
for  the  proportion  of  components  at  a  specified  p^  and  p  provides 
values  of  p  n  ^ ,  complexes  of  and  other  required  parameters. 


After  that,  the  relative  area  of  the  combustion  chamber  f 

IC 

should  be  determined,  and  the  thermodynamic  calculation  should  again 
be  made,  in  order  to  take  into  account  the  difference  between  p* 
and  p1#  if  f^  <  5-6  (see  S  10.5). 

Subsequently,  we  will  consider  the  data  of  the  thermodynamic 
calculation  obtained  by  the  calculation  of  the  pressure  drop  in 
the  high-speed  combustion  chamber. 

The  effect  of  the  heterogeneous  distribution  of  the  proportion 
of  components  based  on  the  cross  section  of  the  combustion  chamber, 
on  the  theoretical  values  of  specific  thrust  and  of  complex  g  is 
taken  into  account  according  to  the  formula  in  Chapter  XI : 

I  I 

The  actual  specific  thrust  in  a  vacuum 

PjiLn  ='fjkf)n.nl  (18.1) 


is  determined  on  the  basis  of  specific  thrust  efficiency 
reflected  by  the  imperfection  of  the  processes  in  the  combustion 
chamber  and  nozzle,  since 


(18.2) 


Coefficient  $  ,  which  takes  into  account  the  various  types  of 

V 

losses  in  the  nozzle,  can  be  determined  by  methods  given  in  Chapter 

XII.  Coefficient  $  ,  which  takes  into  account  the  imperfection  of 

PK 

the  process  in  the  combustion  chamber,  is  usually  selected  on  the 
basis  of  statistical  data  obtained  during  industrial  or  experimental 
testing  of  samples  similar  to  the  developed  engine. 


In  the  experiment  the  value,  <|>  ,  can  be  reliably  determined. 


The  value  $ 


can  be  obtained  as 


'K 


(18.3) 
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where  d>  is  determined  by  a  calculated  method, 
c 


By  another  method  of  the  experimental  determination  of  the. 
coefficient,  $  ,  a  comparison  can  be  made  of  the  expert  and  theo- 

PK 

retical  values  of  complex  $  (see  §  16.2).  As  has  been  mentioned, 
the  value  of  the  coefficient  of  pressure  <j>  amounts  to  0.96-0.99. 

PK 


Thus  on  the  basis  of  the  results  of  the  thermodynamic 
calculation  and  experimental-theoretical  coefficient  of  perfection  of 
the  processes  the  actual  specific  thrust  of  the  chamber  of  the  engine 
can  be  determined. 


The  fuel  consumption  in  seconds,  necessary  to  produce  the 
prescribed  thrust,  can  be  found  as 


0  = 


(18.4) 


18.2.  Determination  of  the  Chamber  Size 


Combustion  Chamber 

The  cylindrical  combustion  chamber  is  the  most  common  form.  One 
of  the  basic  advantages  is  its  simplicity  of  manufacture.  Let  us 
examine  the  determination  of  the  three  basic  dimensions  -  diameter 
d  ,  lengths  L  and  the  diameter  of  the  critical  cross  section  of 

K  K 

nozzle  dKp. 

The  volume  and  diameter  of  the  combustion  chambers  are  deter¬ 
mined  on  the  basis  of  two  characteristics  -  the  time  of  stay  and  the 
specific  weight  flow.  The  relationship  between  and  the  given 
length  of  the  combustion  chamber  L  (16.12)  can  also  be  used. 


In  the  expression  for  complex  6 


„  V  r>K 
K  A  («) 

since  the  value  n  is  equal  to  1.2,  then  it  is  valid  for  many  liquid 
fuels.  Then,  from  formula  (16.12)  we  will  obtain  a  convenient 
relationship : 


T 


n 


(18.5) 


where  6  is  in  m/s. 

The  volume  of  the  combustion  chamber  is  determined,  based  on  the 
requirement  guaranteeing  the  time  of  stay  to  be  sufficient  to  achieve 
the  necessary  completeness  of  combustion.  As  was  previously 
Mentioned,  the  optimum  value  of  the  time  of  stay  (or  given  length) 
depends  on  the  grade  of  fuel.  The  value  Lnp  for  certain  fuels  is 
presented  in  Chapter  XVI. 

In  order  to  determine  the  area  of  the  critical  cross  section, 
let  us  resort  to  the  formula  of  consumption  taking  into  account  the 
combustion  efficiency  and  the  discharge  coefficient: 

(18.6) 

where  y  -  discharge  coefficient  which  takes  into  account  the 
c 

displacement  of  the  thickness  of  the  boundary  layer  and  the 
heterogeneity  of  the  velocity  field  in  critical  cross  section  (see 
§  12.5);  yfl(jj  -  discharge  coefficient  which  takes  into  account  the 
delay  of  the  condensate  according  to  the  rate  and  temperature  with 
acceleration  of  the  two-phase  products  of  combustion. 

For  the  homogeneous  products  of  combustion,  y^  =  1;  in  the  case 
of  two-phase  products  this  coefficient  is  greater  than  unity  and 
can  be  determined,  as  shown  in  §  13.2. 


Thus,  frr'm  the  expression  (18.6)  taking  into  account  the 
earlier  given  formula  we  wi 11  obtain  a  value  of  the  area  of 
critical  cross  section  of  the  nozzle 


Prom  formula  (18.7)  it  is  evident  that  the  Increase  in  losses 

in  the  nozzle  requires  an  enlargement  in  the  area  of  critical  cross 

section  in  order  to  pass  on  the  additional  consumption  compensating 

for  the  reduction  in  the  specific  thrust.  The  losses  in  the 

combustion  chamber  (<fc  )  do  not  affect  the  value.  F„„ . 

PK  *  kp 

After  the  determination  of  L  and  F  .  the  combustion  volumes 

np  Kp 

which  provide  the  necessary  time  of  stay  are  found. 

When  selecting  the  diameter  of  the  combustion  chamber  or  f 
one  should  consider  that  the  decrease  in  f  increases  the  convective 
heat  flux  and  hampers  the  cooling  of  the  combustion  chamber, 
diminishes  pressure  p#  and  therefore  increases  the  over-all  sizes 

K 

of  the  nozzle  at  a  prescribed  p  ,  hampers  the  positioning  of  the 

V 

sprayer  on  the  head  of  the  combustion  chamber  as  well  as  the  layout 
of  the  atomization  and  the  mixing  of  the  components.  The  positive 
result  of  the  decrease  in  f  is  the  lowering  of  the  weight  of  the 
combustion  chamber. 


In  practice  when  selecting  the  diameter  of  the  combustion 
chamber  can  be  oriented  to  the  values  of  the  specific  weight  flow, 
attained  while  developing  prototypes  or  the  experimental  engine. 

According  to  expression  (16.14)  the  relative  area  of  the 
combustion  chamber  can  be  written  as : 


(18.8) 


Thus,  for  instance,  for  an  oxygen  engine  with  values  of  complex 


-J 

6  2L  2*10  m/s  and  Gp/p*  *  1*3 '10  kg/N*s,  the  amount  of  relative 
area  of  the  combustion  chamber  can  be  accepted  as  being  equal  to 

f  - - ! -  cat  4. 

1. 3- 10-4-2- HU 

It  is  quite  clear  that  the  above  given  estimates  can  change 
depending  on  the  accepted  scheme  of  carburetion,  and  on  scheme  of 
the  engine.  For  example,  in  the  scheme  with  the  afterburning  of  the 
generator  gas  in  the  basic  combustion  chamber,  the  process  of 
vaporization  and  mixing  of  the  components  will  be  substantially 
different  from  that  in  the  scheme  without  the  afterburning,  when 
both  components  enter  the  combustion  chamber  as  liquid. 

Thus,  the  diameters  of  the  combustion  chamber  and  of  the 

critical  cross  section  are  determined.  It  is  easy  to  determine  the 

length  of  the  combustion  chamber  based  on  its  known  volume,  or 

based  on  and  the  diameter, 
np 

The  Nozzle 

With  known  values  of  the  diameters  of  the  combustion  chamber 
and  of  the  critical  cross  section,  the  subsonic  part  of  the  nozzle 
can  be  profiled  in  accordance  with  the  recommendations  in  Chr 
XII. 


The  basis  for  selecting  the  supersonic  part  of  the  nozzle  are 
the  thrust  characteristics  of  the  nozzle,  an  example  of  which  was 
also  covered  in  Chapter  XII  (see  Fig.  12.11). 

The  rated  value  p  determines  the  relative  area  f  and  radius 
r  c  c 

F  of  the  section  of  the  nozzles, 
c 

If  limitations  are  not  imposed  on  the  over-all  sizes  and  lateral 

surface  (weight)  of  the  supersonic  part  of  the  nozzle  then  a  contour 

which  lies  at  the  point  of  contact  of  line  K  =  const,  and  F  = 

r  p  n  *  c 

*  const,  is  derired. 
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18 . 3  -  Calculation  of  an  Engine  Without  the 
Afterburning  of  the  Generator  Gas 


In  engines  built  according  to  the  scheme  without  afterburning 
of  the  generator  gas,  the  specific  thrust  is  reduced  due  to  the 
low  efficiency  of  the  expansion  of  the  low-temperature  generator  gas 
behind  the  turbine  with  a  pump  supply  system,  ar.d  as  a  result  of 
the  considerable  residues  of  gas  in  the  tanks  -  with  a  pressurized 
system. 

The  sum  total  expenditure  of  auxiliary  or  basic  fuel,  necessary 
to  accomplish  the  sum  total  of  work  of  supply  system  Lj. ,  is  equal 
to 


(18.9) 


where  Lyfl  -  theoretical  specific  work,  which  can  produce  1  kilogram 
of  working  medium  of  the  supply  system,  in  J/kg;  n  -  efficiency  of 
utilization  of  the  working  medium  in  the  system. 


Under  the  condition  of  constancy  of  consumption  based  on  the 
time,  the  required  consumption  of  auxiliary  fuel  in  seconds  amounts 
to 


(18.10) 


where  t  -  time  of  work  of  the  system  of  gas  generation  in  s. 

The  relative  consumption  of  auxiliary  fuel  is  equal  to 

E  =  'k__  '-1  (18.11) 

U  Ly  |T)Tf7 

Let  us  examine  the  expression  for  the  relative  consumption  e  in 
two  typical  cases  of  the  utilization  of  generator  gas:  turbopump  and 
pressurization  systems  of  fuel  supply. 


Turbopump  Fuel  Supply 


The  required  sum  total  of  work  in  this  instance  amounts  to 

(18.12) 

where  Nt  -  power  of  the  turbine,  necessary  to  drive  the  pumps  and 
various  units.  In  W. 

Theoretical  specific  work  of  the  generator  gas  when  using  it  in 
the  turbine  is  equal  to  the  adiabatic  work  cf  expansion 


(18.13) 


where  (RT)rr  -  specific  working  capacity  of  the  generator  gas  at 
the  inlet  of  the  turbine,  in  J/kg,  pM,  PBUX  “  pressures  at  the  inlet 
and  outlet  of  the  turbine. 


The  sub  total  consumption  of  the  auxiliary  fuel  is  equal  to 


" r 


(18.14) 


where  nT  -  overall  efficiency  of  the  turbine. 

The  relative  consumption  of  the  auxiliary  fuel  amounts  to 


otnh 


(18.15) 


If  the  turbine  drives  only  the  fuel  pumps,  then  its  power  must 
be  equivalent  the  sum  of  the  power  of  the  fuel  pumps  and  the 
oxidizer: 
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(18.16) 


The  power  of  the  pumps  can  be  calculated  by  the  formula: 


\r  —  r 

OrHurf- 

XT  Gom&Pnni.nft 

Qnt  ,Tli»  <  ■ 


(18.17) 


where  ApnQfl  -  pnQfl  -  Pjjx>h  -  pressure  of  the  pump  In  N/m2;  PBX>H  - 
pressure  at  the  Inlet  of  the  pump. 


The  required  pressure  of  the  feed  pump  Pno/I  is  determined  taking 
into  account  the  losses  in  pressure  in  the  injection  head,  in  the 
coolant  passage  as  well  as  in  the  main  feed  lines: 

/»-«.  =  />,  +  A/’*+AA,H+AAnr.  (18.18) 


In  order  to  simply  clarify  the  fundamental  dependences,  let 
us  take 

iPntl 

and 

Vr*V.«  =  V 


Then,  equation  ( 1 8 . 16 )  can  be  presented  in  the  form 


(18.19) 


Since 


Or  _  Gnm  O 

Cr  C>*  O'  * 


then,  expression  (18.19)  can  be  rewritten  as: 


V 


V4H 


(18.20) 
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By  substituting  expression  (18.20)  in  the  formula  (18.15), 
we  will  obtain: 


t 


(18.21) 


or 


[Translator's  note: 


.  — , 

inCrliH* 

THA  -  TNA 


(18.22) 


turbopump] 


where  n 


THA 


n_nM  -  efficiency  of  the  turbopump  unit. 

T  H 


As  can  be  seen  from  formula  (18.22),  the  relative  consumption 
of  the  auxiliary  fuel  Increases  proportionally  to  ApnQfl  and  it 
diminishes  with  an  Increase  in  the  adiabatic  work  of  expansion, 
density  of  the  fuel  and  efficiency  of  the  turbopump  unit. 


The  value  c  is  used  to  determine  the  specific  thrust  of  the 
engine  and  it  usually  amounts  to  0.01-0.05.  The  smaller  values 
belong  to  engines  of  greater  thrust  and  less  pressure  p^. 


Porced  Fuel  Feed 

The  work,  necessary  to  displace  fuel  from  the  tanks,  by 
volume  V0  at  pressure  p0,  amounts  to 

(18.23) 

The  theoretical  specific  work  of  1  kilogram  of  generator  gas 
or  any  other  gas  of  specified  parameters  is  equal  to 

£i«- <*>),»- <#rw.  (18. 24) 

The  sum  total  consumption  of  auxiliary  fuel,  necessary  to 
produce  work  Lg,  amounts  to 

a  (18.25) 
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and  consumption  in  seconds. 


G, 


p»v» 

4  (Wlrr'ki 


(18.26) 


where  n  „  -  coefficient  of  thermal  losses  in  a  forced  feed  system 
b  .  □ 

(in  a  section  of  the  gas  generator  or  storage  battery-tanks). 

The  value  of  this  coefficient,  is  equal  to 


V. 


(*n» 

(ffHrr' 


(18.27) 


which  one  usually  determines  experimentally.  For  a  preliminary 
estimate  it  can  be  taken  as  equal  to  0.2-0.*». 

In  accordance  with  formula  (18.11)  the  relative  consumption  of 
the  auxiliary  fuels  can  be  determined  as: 

- 

Inasmuch  as 

C«-CT 


and 


then 

* ““  v«  (13.28) 

A  comparison  of  the  dependences,  (18.22)  and  (18.28),  shows 
in  principle,  the  same  factors  also  have  an  effect  on  the  relative 
consumption  of  the  auxiliary  fuel  in  the  force  feed  systems  and  in 
the  turbopump  fuel  supply.  The  most  Important  characteristic, 


U60 


4 


The 


specifically,  is  the  specific  work  of  the  gas  L  or  (RT) 

s.ii  rr 

greater  this  value,  the  less  the  consumption  of  fuel  (basic  or 
auxiliary)  for  supplying  the  components. 

18.4.  Calculation  of  an  Engine  with  Afterburning 
of  the  Generator  Gas  in  the  Basic  Chamber 

Schemes  for  engines  with  afterburning  of  the  generator  gas  in 
the  basic  chamber  are  presented  in  Chapter  I. 

Let  us  examine  conclusively  the  variant  with  an  oxidizing  gas 
generator,  when  all  of  the  oxidizer  of  the  engine  device  and  part  of 
the  fuel  is  passed  through  it.  The  proportion  of  components  entering 
the  gas  generator,  is  determined  by  maximum  temperature  Trp, 
permissible  under  operating  conditions  of  the  blades  of  the  TNA 
turbine.  On  the  basis  of  the  calculated  or  experimental  data  the 
relationship  icrr  is  determined,  whereby  the  parameters  of  the 
products  of  gas  generation  consist  of:  Trr,  (RT)rr,  n. 

If  the  overall  proportion  of  components  in  the  engine  device  is 
equal  to  k,  then  it  is  easy  to  show  that  portion  of  fuel  passing 
through  the  gas  generator,  amounts  to 


In  this  case  the  portion  of  fuel  passing  through  the  gas, 
generator,  is  equal  to  */Krr* 

It  is  obvious  that  in  the  engine  with  afterburning  the  losses 
in  specific  thrust,  associated  with  the  supply  of  components  in  the 
combustion  chamber  are  absent.  Therefore,  an  increase  in  the 
pressure  in  the  combustion  chamber,  resulting  in  an  Increase  in  losses 
of  specific  thrust  in  the  scheme  without  afterburning  in  accordance 
with  formula  ( 1 8 . 1 8 )  and  (18.22),  is  not  associated  with  an  increase 
in  losses  here.  The  attainable  level  of  pressure  p^  uepends  on  the 


power  engineering  of  the  generator  gas,  its  temperature  and  parameters 
of  the  engine.  Let  us  determine  this  dependence. 


Let  the  pressure  losses  during  the  motion  of  components  from 
the  pumps  to  the  gas  generator  (in  the  cavity  of  cooling,  on  the 
sprayers  of  the  gas  generator,  in  the  feed  mains)  constitute  A'prr, 
pressure  losses  along  the  way  of  the  gas  from  the  exhaust  of  the 
turbine  into  the  combustion  chamber  (in  the  flue,  in  the  gas  sprayers 
of  the  head  of  the  combustion  chamber)  -  A"Prr* 


Let  us  write  down  the  equation  of  the  balance  of  power  (18.16) 
taking  into  account  formulas  (18.13)  and  (18.17): 


firr’U 


n  —  1 


i*nr 


Gr  (Pnox.r  —  fii.t)  i  6* 


CrV' 


Po«1h.ok 


(18.30) 


Let  us  assume  for  simplicity  that  in  this  examined  case  the 
pressure  of  the  fuel  pump  and  oxidizer  pump  are  also  identical,  and, 
in  addition,  the  hydraulic  losses  from  the  pump  to  the  gas  generator 
are  the  same: 


A  Prr  OH  —  1  Pt r.r=  A  Pir>  (  l8 . 31  ) 

inlet  pressure  in  the  fuel  pump  and  oxidizer  pump  are  identical: 

Pml  a.  r  Pm  )' 

Let  us  also  assume  tnat  efficiency  of  the  turbine  nT  and  the 
pump  n  »  n  •  n  ,  the  characteristics  of  the  generator  gas 
(RT)pr  and  n,  the  amounts  of  losses  Afprr,  A”prr  and  Ppx<H  are 
constant  and  do  not  depend  on  the  parameters  of  operation  of  the 
device.  Having  noted  that 

p-u.  Pi  A  >,r: 
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*  =  £&  wm _ ftl _ ; 

Pm*  P\  +  &'Prr 

Pm*  *  Arr  +  b'Prr  =  ®(^l  +  A*Prr)+  A'Prr, 


let  us  write  down  the  expression  (18.30)  in  the  following  form: 


=  o_  »  (pt  + 

Ct  <b, 


(18.32) 


Hence,  pressure  p^,  attainable  at  selected  parameters  Krp, 
(RDpr*  the  hydraulic  characteristics  of  main  feed  lines  and 
efficiency  TNA  can  be  found: 


Pl-frrWr-^TJ  (W.Vr  (‘“IEe)  T“ 

“  A  #rr4"~  Pam.*  j"  Ptr‘ 


(18.33) 


The  majority  of  parameters,  which  Influence  the  value  p1(  are 
defined  as  certain  maximum  permissible  parameters.  Such  a  tempera¬ 
ture  is  T__  and  the  value  (RT)„„.  associated  with  It,  and  also  the 
rr  rr  * 

losses  lr.  pressure  and  nTjjA.  The  controlling  amount  selected  by 
design,  is  the  pressure  drop,  achieved  In  tne  turbine. 


Let  us  examine,  as  how  to  select  the  optimum  value  6,  supplying 
the  maximum  pressure  in  the  combustion  chamber. 

Let  us  designate 


B  *  t fTtlna®T  m  _  |  (BDn 

and  let  us  rewrite  expression  (18.33)  in  the  following  form: 


Pi=(B-L'p„  +  pmm)  -J — -j—-, -t*p„. 


(18.34) 
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In  order  to  determine  the  greatest  possible  pressure  in  the 
combustion  chamber  p1|nar  let  us  take  the  derivative  dp^/dS  and  let 
us  equate  it  to  zero: 


d-El=  _ <a  ~  vftr  4-  b  "  -iLi=0. 

<a  »* 

»  * 

Prom  this  let  us  fine  the  value  of  the  optimum  pressure 
differential 

ft 

ft  _ /  B  2/i—  l\»-i 

fcx+ftM  ~)  *  (18.35) 

By  substituting  value  6onT  In  expression  (18.34),  let  us 
fln<1  plnax* 

Thus,  in  the  engine  of  the  examined  scheme  a  pressure  not 
higher  than  PlBax  can  be  realized.  The  principles  for  the  selection 
of  optimum  pressure  p1  taking  into  account  its  effect  on  the 
parameters  of  the  flight  vehicle  are  covered  in  Chapter  XXI. 
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CHAPTER  XIX 


CHARACTERISTICS  AND  THRUST- VECTOR  CONTROL 

In  this  chapter  the  operational  characteristics  of  a  liquid- 
fuel  rocket  engine  -  the  altitude  performance  and  consumption  are 
examined,  the  basic  means  of  thrust-vector  control  are  described. 

19.1.  Preliminary  Information 

The  dependences  of  thrust  and  of  specific  thrust  on  the  basic 
changing  factors  in  operation  are  called  the  characteristics  of  a 
rocket  engine.  Including  liquid- fuel  rocket  engine.  The  external 
factors  are  the  pressure  of  surrounding  medium  and  the  velocity  of 
motion  of  the  apparatus,  the  Internal  factors  -  fuel  consumption  in 
seconds  and  the  proportion  of  fuel  components. 

As  was  previously  noted  in  Chapter  II,  deviations  diagrammed 
pressures  along  external  surface  of  the  chamber  from  value  ph,  which 
is  governed  by  the  change  in  the  velocity  of  the  apparatus,  is 
accepted  with  reference  to  its  resistance,  but  not  to  the  thrust  of 
the  engine.  Therefore,  the  thrust  and  specific  thrust  of  a  liquid- 
fuel  rocket  engine  should  be  considered  independant  of  the  velocity 
of  motion  of  the  apparatus. 

In  Chapter  X  the  dependence  of  specific  thrust  on  the  propor¬ 
tion  of  the  fuel  component  (excess  oxidizer  ratio  o)  was  examined. 
However,  a  change-  in  and  consequently,  P  owing  to  a  usually  do 
not  apply  in  operation,  by  holding  a,  it  is  difficult  to  obtain 
a  wide  range  of  adjustment,  and  secondly,  the  deviaticn  of  a  from 

14^.5 


a  certain  optimum  value  results  in  a  lowering  of  the  economy. 

Thus,  the  two  operational  characteristics  of  a  liquid-fuel 
rocket  engine  have  practical  value. 

1.  Dependences  of  the  thrust  and  of  specific  thrust  on  the 
pressure  of  surrounding  medium  with  constants  of  fuel  consumption  in 
seconds  G  and  excess  oxidizer  ratio  a  (under  constant  operating 
conditions  of  the  engine).  In  the  utilization  of  the  engines  of 
flight  vehicles,  such  a  characteristic  is  usually  called  the 
altitude  performance ,  Inasmuch  as  the  atomospheric  pressure  is 
uniquely  associated  with  height. 

2.  The  dependences  of  thrust  and  of  specific  thrust  on  the 
fuel  consumption  in  seconds,  G,  at  constant  fuel  compositions  (a) 
and  the  pressure  of  the  surrounding  medium  (height).  This 
characteristic  is  called  consumption. 

Strictly  speaking,  the  thrust  and  specific  thrust  during  the 
operation  of  a  liquid-fuel  rocket  engine  also  depends  on  other 
factors.  For  example,  a  change  in  the  acceleration  of  flight  and  of 
the  inertial  forces  governed  by  it  is  expressed  in  many  parameters  of 
the  fuel  system  and  the  gas  generator  and  can  influence  the  final 
indexes:  P  and  Pyfl.  The  change  in  temperature  of  surrounding  medium, 

regularities  of  emptying  the  tanks,  and  so  forth  hold  significances. 
However,  effect  of  such  factors  in  comparison  with  the  singled  out 
basic  factors  (consumption  in  seconds  G,  pressure  ol'  surrounding 
medium  ph)  is  secondary,  and  the  complex  quantitative  estimate  of 
this  effect  is  possible  for  a  real  engine  and  apparatus,  when  the 
trajectory  of  flight,  the  characteristics  of  the  power  supply  and 
control  systems  and  others  are  known  in  detail.  During  the  stage  of 
preliminary  calculation  and  design  they  are  usually  limited  by  the 
aforementioned  basic  dependences. 

The  characteristics  of  the  chamber  arid  of  the  engine  can  be 
distinguished.  The  characteristics  of  the  engine  can  be  distinguished 
from  the  characteristics  of  the  chamber,  if  there  is  auxiliary  fuel 


consumption  in  the  system  of  the  gas  generator  (e  >  0).  The 
characteristics  of  multichamber  engines  are  a  sum  total  of 
characteristics  of  the  individual  chambers,  utilized  in  a  specified 

combination. 


The  characteristics  of  the  chamber  can  be  calculated  according 

to  equations 


P  p  l  — 

'  1 *  Tyi'y.l.n  I  s- 


(7 


(19.1) 


and 


(19.2) 


For  a  chamber  with  a  constant  geometry  (F  ,  f  *  const)  the 

w  C 

values  of  Pyfl  n  t  and  $yfl  in  these  equations  are  taken  as  constants 
under  all  conditions.  This  assumption  in  tne  calculation,  does  net 
result  in  an  error  of  more  than  1-3 J. 


When  calculating  the  altitude  performance  of  a  sole  variable  in 
the  expressions  (19.1)  and  (19.2)  it  is  ph;  when  calculating  the 
consumption  characteristic,  the  sole  variable  -  G.  If  both  variable 
are  varied  within  possible  range,  we  will  obtain  a  family  of 
characteristics  of  the  given  chamber.  One  of  the  forms  of  presenting 
such  a  family  of  characteristics  is  included  in  the  values  presented 
in  Fig.  19.1. 


Fig.  19.1.  A  family  of  char¬ 
acteristics  of  a  liquid-fuel 
rocket  engine. 
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19.2.  Altitude  Characteristic 


In  order  to  calculate  the  altitude  characteristic  the  dependence 
of  atmospheric  pressure  on  altitude  p^  ■  f((H)  must  be  known.  It  is 
usually  assumed  based  on  the  standard  atmosphere  (SA). 

Because  the  altitude  characteristic  Is  calculated  with  0  ■  const, 
a  change  In  thrust  and  specific  thrust  based  on  p^  (or  based  on  H)  has 
an  identical  iharacter.  If  we  plot  the  altitude  characteristic  In 
relation  to  the  value  pyfl/pyfl>n  p/pn»  then  both  dePendenc«8  are 

represented  as  a  single  straight  line  In  function  ph  or  as  a  single 
curve  in  function  H. 

fa.. low  a  form  of  the  characteristic,  traditional  for  engines  of 
fligh'  /'hides  is  examined. 

P'.gure  J 1 . 2  shows  the  altitude  characteristic  of  two  chambers, 
operating  under  identical  conditions,  but  having  different  relative 
cross-sectional  areas  of  the  nozzle  f*c ( f*c  1  *  10,  fc2  *  50).  Chamber 
2  at  low  altitude*-  operates  under  conditions  of  overexpansion  with 
the  separation  of  flow  Inside  of  nozzle  (point  A  on  curve  2  - 
beginning  of  separation,  dotted  line  -  hypothetical  continuous 
characteristic).  The  values  of  thrust  and  of  specific  thrust  during 
the  separation  of  flow  are  determined  according  to  recommendations 
in  §  2.3. 


Pig.  9.2.  Altitude  character¬ 
istic  of  the  chambers.  The  fuel 
is  the  kerosene  +  02j,  type;  pK  - 

=  100  bar. 


0  w  10  JO  H*m 


.  p 
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It  Mould  lM«f*«el  *'*•£  16  uVi Hi*  i'cj^'.lvc  t. 

thrust,  and  consequent  ly  ,  too  i^nciriw  it, rum  «.  . f . 

u.m  tarlh  (ph  *  p0)  -  vacuum  (pft  •  C).  This  amount  constitute 


P.  # 


th 


#.* 


An  It  appears  In  Plge.  19.3  and  10.4,  the  Increment  /!■  l.-.r 

Tor  chambers  with  a  large  f  ,  and  Mlth  f  •  coital  -  under  rH  j<t, 

c  c 

conditions  (small  p*  or  consumptions). 

K 


Pig.  19.3.  Dependence  of  Increment  AP  on 
fc:  fuel  C2HqN2  +  NjO^;  a  »  0.8. 

Pig.  19. 4.  Dependence  of  increment  on 
p  •;  the  fuel  is  the  same  as  thrft  In  Fig. 

19.3. 


As  is  known  a  nozzle  of  constant  geometry  has  only  one  optimum 

range  (p  ■  p.  ):  within  other  ranges  its  characteristic  worsen, 
c  n 

In  order  to  maintain  the  optimum  range  with  an  increase  in  the 
altitude  of  the  flight  area,  the  cross  section  of  the  nozzle  should 

continuously  Increase.  Figure  19.5  shows  the  altitude  characterist 
of  the  chamber  with  that  sort  of  an  ideally  adjusted  nozzle  (P 

ya.H/x 

The  same  dependence,  Pyfl  =  f(H)  is  presented  for  two  chambers  with 
various  f„.  Obviously,  that  the  first  step  to  the  adjustment  by 


height  P.  (and  conseouentJy >  P)  can  be  the  utilization  of  the  tv. 

1  a 

posibicn  nv-o-.e  L ,  t..e  crcoo-oectional  area  of  which  changes  in 
steps  at  the  height  of  HnepeK11*  The  advantages  of  a  two-position 
nozzle  over  nozzle  1  are  evident  in  the  range  H  >  Hn  eKJJ,  and  tne 
advantages  over  nozzle  3  -  in  the  range  H  <  HnepeKJJ.  There  are  known 
attempts  tc  realize  a  two-poaition  nozzle  with  the  aid  of  a  slid!  :,: 
skirt  of  the  nozzle  (for  example,  the  RL-20  American  liquid- fuel 
rocket  engine),  having  removable  Inserts,  and  others. 


Fig.  19.5.  The  altitude  character¬ 
istic  of  he..ber  with  a  two- 
position  nozzle. 

[Translator’s  note:  H„  tKJJ  » 


The  above  present »cl  dependents  a***  with  reference  to  chambers 
with  T aval  "ozzles.  Plnp  nn??ies  of  external  expansion  (see  Fig. 
12.8k)  or*  with  a  c^nt^a1  n’'*t-e-like  body  (see  Fig.  12. 8e)  have 
considerably  bette»*  rhorar^eri  'tic  under  conditions  of  over- 
expansion.  ^duding  the  reparation  of  flow  inside  the  nozzle.  Un:er 
such  conditions  these  nozzles  possess  a  known  degree  of  seif- 
regulation.  The  so-called  aerodynamic  nozzle  (see  Fig.  12.81) 
approaches  the  ideally  adjustable  nozzle  over  a  wide  range  of 
altitudes.  Figure  19.6  as  an  example  is  presented  for  a  comparison 
of  the  altitude  characteristics  of  chambers  with  n  aerodynamic 
nozzle  ( : )  and  with  a  fixed  area  Laval  nozzle  (2). 


Pig.  19.6.  Altitude  characteristic  or 
the  chambers  with  various  nozzles. 


19.3.  Consumption  Characteristic 

The  throttle  or  control  characteristics  are  also  called  the 
consumption  characteristic  of  a  liquid-fuel  rocket  engine,  emphasiz¬ 
ing  that  it  reflects  capabilities  for  adjusting  the  amount  of 
thrust. 

According  to  equations  (19.1)  and^,(19.2)  the  elements  of 
theoretical  consumption  characteristic  of  the  chamber  with  constant 
geometry  are: 

Py n  -  constant  value  with  assumptions  based  on  an  analytical 
calculation; 

P„_  h  “  hyperbola  with  asymptotes:  G  ■  p  -  p  ,g«o. 
yfl  h  '  *  y/i  ya.n*  * 

P  ■  -» ; 
y  a.  * 

Pn  -  straight  line,  passing  through  the  origin  of  the 
coordinates ; 


ph  ”  8traight  line,  parallel  to  Pn  and  lying  below  it  by  the 
value  Fcpk. 


An  example  of  the  theoretical  consumption  characteristic  lo 
presented  in  Pig.  19.7.  For  each  chamber  there  is  a  definite  range 
of  a  realisable  characteristic  from  dmln  to  Qmax  (Pig.  19.8).  The 
condition  0R)ax  is  the  maximum  permissible  forced  condition,  at  which 
the  strength  and  heat  resistance  of  the  chamber  have  been  calculated. 
Condition  0mln  can  be  governed  by  threshold  of  effective  and  stable 
work  of  the  chamber,  by  the  overheating  of  the  liquid  in  the 
regenerative  coolant  passage  of  the  chamber  (see  the  next  chapter) 
or  by  other  limitations. 


Fig.  19.7.  Fig.  19.8. 

Fig.  19*7.  Consumption  characteristic  of 
the  chamber. 

Fig.  19.8.  Operating  range  of  the  consump¬ 
tion  characteristic  of  the  chamber. 

Figure  19.8  shows  a  segment  of  the  consumption  characteristic 
with  a  separation  of  flow  inside  the  nozzle  (dotted  line  - 
hypothetical  continuous  flow). 

The  consumption  characteristic  can  be  obtained  experimentally 
on  a  test  stand.  In  order  to  determine  it  measurements  of  the 
thrust  of  second  the  consumption  of  fuel  in  seconds  and  of  pressures 
of  the  surrounding  medium  are  required. 

A  comparison  of  the  results  of  the  calculation  and  of  the 
experimental  determination  of  the  consumption  characteristic  is  shown 
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In  Pig.  19.9.  In  the  defined  rung  of  condition.!  good  agreement 
la  discovered;  however,  with  a  significant  dec re use  in  the  consump¬ 
tion  the  results  of  the  experiment  and  of  the  calculation  he come 
Increasingly  more  divergent.  This  can  be  explained  In  the  following 
manner.  Prom  equation  of  coriaumption  of  the  liquid  through  the 
Injecting  devices  (sprayers) 


(19.3) 


it  followa  that  the  pressure  differential  on  sprayers  Apenp  with 

a  constant  area  PBnp  changes  proportionally  to  the  square  of  the 

consumption.  With  a  considerable  decrease  of  Apfinp  the  processes  of 

atomization  and  fuel  mixing  worsen,  and,  consequently,  the  specific 

thrust  efficiency  6  diminishes  (owing  to  a  decrease  of  4  ). 

y«  PK 


P 


Pig.  19.9.  For  the  comparison  of  the 
experimental  and  calculated  consump¬ 
tion  characteristics:  -  calcula¬ 
tion;  -  experiment. 


The  reduction  in  the  specific  thrust  under  all  conditions  lower 

than  the  maximum  (when  ph  ¥  0)  is  a  substantial  deficiency  in  the 

adjustment  of  thrust  based  on  the  expense  characteristic.  Basically, 

this  reduction  is  governed  by  the  lowering  of  the  pressures 

differential  p  */Pl,,  and  likewise  by  the  worsening  of  the  quality 
k  n 

of  processes  in  the  combustion  chamber. 

*hat  is  wanted  is  the  regulation  of  thrust  in  the  chamber,  by 
maintaining  the  specific  thrust  constant.  Let  us  analyze  how 
this  can  be  done  in  principle.  For  constancy  of  P  when  p^  ¥  0, 
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it  is  necessary  tc  retain  the  optimum  pressure  differential 
*  PK*/pc  and  maintain  a  higt  quality  of  the  processes.  First 
condition  require  that  the  constant  pK*  and  pti  are  held.  The  only 
way  to  maintain  p  •  at  a  reduced  consumption  follows  from  the 
express  lor. 


a  reduction  in  the  area  or  critical  cross  section  of  nozzle  F„„  is 

Kp 

proportional  to  the  consumption.  In  order  to  maintain  a  constant  of 
pressures  p  ,  It  is  necessary  to  retain  the  relative  area  of  the 

C 

nozzle,  fc  ■  Fc/F  ,  i.e.,  to  change  the  cross-sectional  area  Fc 
proportional  to  FKp  and  G. 

To  preserve  the  quality  of  the  working  processes  in  the  combus¬ 
tion  chamber  is  possible  by  retaining  the  pressure  differential  on 
sprayers  ApBnp  ccrttant.  With  a  reduction  in  fuel  consumption  this 
can  be  done,  as  seen  from  the  expression  (19.3),  by  diminishing  the 
area  of  injection  FBnp  proportional  to  G. 

Thus,  in  order  to  control  the  thrust  by  fuel  consumption  at  a 
constant  specific  thrust  it  is  necessary  in  general  to  change  F  , 

Kp 

Fc  and  FBnp  proportional  to  G.  Ir.  a  vacuum  (when  p^  ■  0)  a  change 
in  PKp  and  Fc  is  not  required. 

Figure  19. 1C  shews  the  ca^culutea  characteristic  1  of  the 
chamber  with  changed  f*ow-through  sections.  For  a  comparison  the 
consumption  characteristic  2  of  the  chamber  without  regulated  flow¬ 
through  sections,  is  shown.  Certain  technical  possibilities  of 
adjusting  Fc  were  mentioned  lr.  the  examination  of  the  altitude 
characteristic;  the  possible  means  of  changing  F  and  F  will 
be  covered  below. 

Sometimes,  the  change  in  thrusts  and  specific  thrust  is 
repesented  as  a  function  of  the  pressure  in  the  combustion  chamber 
p  *,  and  not  as  consumption  of  fuel  in  seconds.  Experimental  and 


calculated  characteristics  of  this  kind  are  shown  in  Pig.  19.11. 
Comparing  them  with  the  usual  characteristic  (see  Pig.  19.9)  shows 
that  the  characteristics  are  analogous.  However,  experimental  and 
calculated  values  of  thrust  as  a.  function  of  pK*  coincide  throughout 
the  range  of  conditions.  The  reason  is  that  the  worsening  of  the 
quality  of  processes  in  the  combustion  chamber  at  low  fuel  consump¬ 
tions  has  the  same  effect  on  pressure  p  *  and  on  thrust.  With  the 

IV 

treatment  of  the  results  of  bench  tests  this  represents  difinite 
conveniences,  equal  as  much  as  possible  to  direct  control  of  the 
parameter  -  pressure  in  the  combustion  chamber.  However,  character¬ 
istics  for  p  *  are  less  universal,  than  for  fuel  consumption.  It  is 
inconvenient  to  use  multichamber  engines  for  these  parameters, 
because  according  to  the  pressure  in  each  individual  chamber  one 
cannot  ascertain  the  thrust  of  the  entire  engine. 


Pig.  19.10.  Pig.  19.11. 

Pig.  19.10.  Two  variants  of  the  consumption 
characteristic  of  the  chamber. 

Pig.  19.11.  For  the  comparison  of  experi¬ 
mental  and  calculated  consumption  character¬ 
istic. 

The  consumption  characteristic  of  chambers  with  ring  nozzles 
and  Laval  nozzles  is  identical  under  conditions  of  underexpansion. 
Under  conditions  of  overexpansion,  with  a  large  PK*/Ph>  consumption 
characteristic  of  chambers  with  ring  nozzles  is  more  favorable  for 
the  same  reasons  as  that  for  the  altitude  characteristic. 
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A  comparison  of  the  consumption  characteristics  of  the  chamber 
and  of  the  engine  is  shown  in  Pig.  19.12.  In  the  basic  chamber  of 
the  engine  with  the  afterburning  of  generator  gas,  there  is  no 
additional  consumption  of  auxiliary  fuel  (e  ■  0)  and  the  character¬ 
istics  of  the  chamber  and  of  the  engine  coincide.  The  specific 
thrust  of  engines  without  afterburning  of  generator  gas  is  lower- 
than  the  specific  thrust  of  the  basic  chambers.  Their  differences 
are  more  significant  the  greater  e  is,  and  the  stronger  the  dependence 
e  ■  f(p  *)  or  e  «  f (0 )  is. 

K 


Fig.  19-12.  Consumption  char¬ 
acteristics  of  the  chamber  and 
of  the  engine  at  various  de¬ 
pendence  of  e  *  f(p  *). 

19.4.  Thrust-Vector  Control 

In  order  to  fulfill  the  assigned  mission,  the  rocket  must  move 
along  a  definite  trajectory,  holding  to  a  specified  change-in-thrust 
pattern  while  in  flight.  Under  actual  conditions  random  disturbances 
take  place,  whose  effect  can  alter  after  the  flight  trajectory  and  the 
change-ln- thrust  pattern  with  time. 

Among  the  external  disturbing  factors  there  are,  for  example, 
the  disturbance  upon  rocket  lift  off  from  the  shaft  or  from  the 
launching  rack,  sudden  wind  gusts  when  travelling  in  the  atmosphere, 
disturbances  at  separation  of  stages,  the  asymetry  of  the  aerodynamic 
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forces,  arid  so  forth.  These  factors  afjv<i  the  racket,  '.<»•  fY<>n 
the  dependence  on  the  type  of  engine. 

The  nature  of  the  effect  of  the  Internal  factors  ie  associated 
with  type  of  engine  used.  Por  a  liquid-fuel  rocket  engine  U.’s 
is,  mainly,  the  scattering  of  thrust  characteristics  of  engine:  of 
the  same  type,  determined,  basically,  by  the  scattering  of  character¬ 
istics  of  the  fuel-feed  system  -  pressure  pumps,  hydraulic  resistance 
of  pipelines  and  of  coolant,  and  so  forth. 

As  a  result  errors,  in  the  engine  device  on  the  rocket  certain 
asymetry  of  the  thrust  and  constant  motion  can  arise  in  flight, 
which  must  be  compensated  for. 

Thus,  to  facilitate  the  requiring  program  of  flight  It  is 
necessary  to  control  the  thrust  of  the  engine  according  to  magnitude 
and  direction,  i.e.,  to  control  the  thrust  vector.  In  this  case  the 
necessary  range  of  adjustment  is  made  up  of  twc  components.  The 
first  one,  a  specified  or  calculated  value  is  determined  by  the 
character  of  the  trajectory  and  by  the  change-ln~thrust  pattern 
with  time.  The  second  component  depends  on  the  random  external  and 
internal  factors  and  it  Is  rated,  basically,  on  the  data  of  bench  and 
flying  tests. 


Change  in  the  Amount  of  Thrust 

The  basic  means  of  changing  the  amount  of  thrust  were  shown 
in  the  previous  paragraph.  This  amounts  tc  a  change  (throttling)  of’ 
fuel  consumption  in  seconds  while  maintaining  the  characteristic 
flow-through  sections  of  the  channel  (F___,  F  ,  F  )  or  adjusting 
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them. 


The  most  widely  used  method,  in  practice,  is  that  of  throttling 
the  fuel  consumption  per  second  at  a  constant  geometry  of  the  chamber 


channel. 
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fuel  mains  of  the  chamber  or  of  the  gas  generator,  and  It  can 


<#  •  • 


guarantee  a  smooth  change  ir.  the  thrust.  The  method  is  conveni  Jn*  . 
reliable  and  also  relatively  simple.  Its  limitations  and  deficien¬ 
cies  were  examined  above  (19.3). 

Table  19.]  qualitatively  described  the  diverse  variants  of 
change  in  fuel  consumption  per  second  in  conjunction  with  the 
adjustment  of  the  flow-thrc. ugh  sections  of  the  channel. 


Table  1S.1.  Basic  methods  of  changing  the  amount  of  thrust  of  a 
liquid-fuel  rocket  engine. 


Method 

Poramrters 

of  chamber 

Specific 

thrust 

Reasons  for  changing 

constant 

HUB 

/>» 

Iri  a 

vacuum 

in  aimo- 

s  ohe  re 

I 

Throttling  of  fuel 
consumption  with  con¬ 
stant  flow-through 
sections  of  the 
channel 

Pvt  p 

diminishes 

Constant 

Dimi¬ 

nishes 

Ip  atmosphere: 

1)  deorease  in  p*K/p,V. 

2)  deviation  from 
optimum  range  of 
nozzle 

3)  lowering  of  Tp 

11 

a) 

Throttling  of  fuel 
consumption  with  ad¬ 
justment  of  the  flow- 
through  seotlons  of 
the  channel 

fc) 

F  i»np 

B 

Constant 

Dimi¬ 

nishes 

In  atnosphere: 
let  and  2nd  reasons 
for  method  1 

F,V~G 

Constant 

Increase 

In  atmosphere:  2nd 
and  3rd  reasons  for 
method  1 

In  a  vacuum:  in¬ 
crease  in  f0 

1 

c) 

Constant 

In¬ 

creases 

■ 

I"  atmosphere: 

2nd  reason  for  method 

I 

In  a  vacuum:  1  r— 
:rease  in  f3 

d) 

Q 

Constant 

In¬ 

creases 

Constant4 

In  a  vacuum:  in- 
creasT  In  fc  (if  Fe  is 
r.ot  regulated  :n  a 
vacuum J 

Tun. in.:  off  and  on 

the  chamfers  of  the 
nultichamber  engine 
(step-wise  adj  sf- 

tr.ent ) 

r»  p 

F pip 

F  up 

Fr 

— 

Constant 

Cor.star  t 

Constant 

•If  prior  to  throttling  the  nozzle  is  operated  at  underexpansi  r.,  then  It  is  possible  to  Increase  Pyt. 
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A  change  in  the  total  flow-through  cross-sectional  area  of 
sprayer  PBnp  (var.  11a)  is,  in  principle,  attained  several  ways. 

It  is  possible,  for  example,  to  turn  off  separate  groups  of  the 
sprayer,  without  changing  the  optimum  condition  remaining.  It  is 
possible  to  change  the  flow-through  sections  of  the  sprayer  by 
mechanical  means.  Both  methods  are  rather  difficult  to  achieve. 

A  way  is  possible  to  decrease  the  density  of  the  fuel  which  is 
supplied  through  the  sprayer,  by  introducing  an  inert  gas  (helium, 
argon)  in  the  liquid  component.  Small  quantities  of  the  inert  gas 
having  low  molecular  weight,  and  consequently,  a  high  working  capacity 
practically  have  not  effect  on  the  specific  thrust.  At  the  same 
time  the  Introduction  of  gas  provides  a  wide  range  of  change  in 
consumption  at  a  constant  geometry  of  the  sprayer  without  worsening 
the  quality  and  resistance  of  the  carburetlon  processes  and  combus¬ 
tion. 


Changing  crltloal  cross  section  area  of  the  nozsle  F„„  (var. 

icp 

lib)  lo  possible  by  mechanical  or  gas-dynamical  means.  Plrst, 
usually  It  Is  assumed  a  movable  "needle-shaped"  stylus  ("bulb")  is 
used.  Inserted  in  the  orltlcal  section;  secondly  -  there  is  a  de¬ 
crease  In  the  effective  flow-through  section  owing  to  the  injection 
of  the  gas.  The  practical  realisation  of  these  •md' any  other  system 
poees  oomplex  design  problems. 

The  simultaneous  adjustment  of  areas  PB{jp  and  PKp  (var.  11c)  and 
possibly  (var.  lid),  although  It  attracts  interest  due  to  its  high 
efficiency,  1s  technically  very  Intricate.  It  should  also  be  noted 
that  the  conditions  for  the  adjustment  of  Pc  simultaneous  with  PKp 
in  many  Instances  is,  probably,  superfluous.  So  when  working  in  a 
vacuum  ouch  an  adjustment  is  not  necessary.  When  working  in  atmo¬ 
sphere,  an  adjustment  of  fQ  Is  necessary  in  order  to  avoid  the 
lowering  of  Pyi  under  conditions  of  overexpansion.  It  is  possible, 
however,  either  to  reconcile  it  without  lowering  PyA  very  much  or  to 
compensate  for  it  by  an  Increase  of  PK*  against  the  nominal,  if  this 
is  admissible  under  reliable  working  conditions.  The  utilization  of 
notsles  with  external  expansion,  having  a  known  degree  of  self- 
regulation,  facilitates  this  position. 
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The  method  of  step-i.ise  variation  in  thrust  (var.  Ill)  by  means 
of  turning  off  individual  chambers  while  maintaining  optimum 
operating  conditions  occupies  special  place.  Such  a  means  is  free  of 
deficiencies,  inherent  in  other  methods.  However,  its  utilization  is 
possible  only  when  a  smooth  change  in  thrust  is  not  required. 

Change  in  the  Direction  of  Thrust 

During  the  movement  of  a  rocket  along  a  trajectory  controlling 
forces  must  be  produced  in  the  vertical  plane  (pitch  control)  as  well 
as  in  horizontal  plane  (yaw  control),  and  likewise,  a  controlling 
moment  relative  to  the  logitudinal  axis  (roll  control).  On  the 
basis  of  experimental  design,  perfecting  and  operting  rockets  a 
number  of  general  requirements  for  thrust-vector  control  systems  were 
developed.  Basically,  these  requirements  can  be  grouped  as  follows: 

1)  providing  sufficient  control  forces  according  to  magnitude; 

2)  high  reliability; 

3)  minimum  losses  of  specific  thrust  of  engine  controlled  by 
the  presence  and  operation  of  a  guidance  system; 

*1)  minimum  weight  and  over-all  size; 

5)  simplicity  of  design  and  convenience  of  operation. 

In  practice  it  is  impossible  to  produce  a  system,  which 
satisfies  all  the  enumerated  requirements  to  an  equal  degree.  In 
accordance  with  the  purpose  of  the  apparatus  the  defined  requirement 
can  be  singled  out,  which,  depending  on  its  specifications,  can 
be  met  in  the  very  best  manner,  using  various  methods.  In  connection 
with  this  at  the  present  time  it  was  assumed  that  a  great  number  of 
various  methods  of  thrust-vector  control  has  been  investigated  to 
some  degree. 


It  is  expedient  to  use  two  criteria  for  an  estimate  and  com¬ 
parison  of  the  various  methods  : 

.  1)  based  on  a  change  in  the  flying  range  of  the  rocket  as  a 
result  of  an  increase  in  its  final  weight  and  a  decrease  in  specific 
thrust  controlled  by  system  device; 

2)  according  to  the  degree  of  reliability  of  the  system. 

In  order  to  obtain  these  criteria  conformably  to  each  method  it 
is  necessary  to  construct  a  working  design  of  the  various  systems. 

In  this  case  one  should  have  in  mind  that  at  the  modern  level  of 
knowledge  it  is  difficult  to  determine  quantitatively  the  reliability 
of  the  systems  under  study. 

For  the  preliminary  evaluations  of  the  various  methods  of  chang¬ 
ing  thrust  control  such  criteria  are  used: 

relative  amount  of  control  forces  -  the  ratio  of  this  force  to 
axial  thrust  of  the  engine: 


(19.4) 


relative  loss  of  specific  thrust  -  the  ratio  of  the  loss  in 
specific  thrust  of  the  engine,  caused  by  the  presence  of  the  control 
system,  to  the  nomial  value: 


-  IPyi 

aP  =  — —  • 


(19.5) 


quality  of  the  system  -  the  ratio  of  quantities  Py  and  AP 


ip, 


(19.6) 
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The  quantities  and  APyfl  are  usually  expressed  in  percent, 


When  developing  the  rocket  complex  it  is  necessary  to  know  not 
only  control  force,  but  rather  the  moment  the  relative  to  the  center 
of  gravity  of  the  rocket,  being  created  by  this  force.  It  is 
understandable  that  one  can  speak  about  the  value  the  moment  only  in 
case  of  aii  actual  scheme  of  a  rocket,  since  different  control  moments 
can  be  produced  with  the  same  control  force  for  various  assembly 
schemes.  Hence,  it  is  clear  that  the  possibility  for  comparison  with 
the  aid  of  the  shown  criteria  is  rather  limited.  Nevertheless,  for 
a  preliminary  analysis  they  are  used  extensively. 

During  the  flight  of  a  rocket  on  a  trajectory,  the  necessary 
control  force  changes  all  the  time,  attaining  at  its  maximum  value 
at  specified  moments.  Losses  in  specific  thrust  also  change  accord¬ 
ingly.  Therefore  the  system  of  control  must  resolve  the  maximum 
controlling  force  according  to  the  amount,  and  the  economy  must  be 
characterized  by  the  mean  integral  amount  of  loss  In  specific  thrust 
along  the  trajectory. 

Below,  the  basic  means  of  thrust-vector  control  of  a  liquid- 
fuel  rocket  engine  are  briefly  considered.  Some  of  these  methods 
are  also  applicable  for  solid  propellant  rocket  engines  (RDTT). 

Figure  9.13  shows  the  employment  of  gas  current  controls, 
encounted  on  in  the  cross  section  of  the  nozzle  in  jet  stream  of  the 
combustion  products  (a)  or  outside  of  the  jet  stream  (b).  The  angle 
of  rotation  of  the  vane  is  6  =  ±25°.  A  device  with  four  vanes  pro¬ 
vides  flight  control  In  all  planes  of  stabilization.  The  control 
force  and  resistance  (loss  in  thrust)  can  be  determined  according  to 
the  conventional  formula  of  aerodynamics: 


Fig.  19.13*  Scheme  of  gas  current 
controls . 


Gas  current  controls  can  create  great  lateral  forces  (P  up  to 
10-15$),  truly,  at  a  cost  of  considerable  losses  in  specific  thrust 
UP  ■  2-5$).  The  system  is  simple,  reliable,  but  burdensome.  The 
mounting  of  the  controls  in  a  neutral  position  outside  the  jet  stream 
reduces  losses  in  specific  thrust,  but  it  requires  very  large  control 
forces  to  power  the  controls. 

Annular  vanes  (deflectors)  (Fig.  19. 1*0  are  made  in  the  form  of 
spherical  bands,  cylindrical  adapters  and  their  combinations.  They 
are  mounted  in  the  cross  section  of  the  nozzles  in  a  hinged  suspen¬ 
sion.  With  a  deviation  in  the  deflector  at  a  certain  angle,  its 
edge  projects  into  the  supersonic  jet  stream,  in  front  of  the  edge 
an  oblique  shock  wave  is  created,  and  a  lateral  force  appears.  The 
system  can  create  large  control  forces  with  small  losses  in  specific 
thrust.  In  order  to  determine  Py  and  APyfl  experimental  dependences 
are  usually  used. 


Fig.  19.14.  Diagram  of  annular  control. 


By  structural  relationship  the  system  is  rather  simple,  but  it 
has  considerable  weight  and  over-all  size;  in  the  case  of  a  single 
nozzle  arrangement  one  can  guarantee  roll  control. 

Figure  19.15  shows  a  diagram  of  a  oblique  cross  section  adapter, 
from  whose  exhaust  there  appears  an  unbalanced  lateral  force.  A 
deflection  in  P  is  attained  by  rotating  the  adapter  around  the 
longitudinal  axis;  the  amount  of  deflection  -  by  axial  movement. 

The  characteristics  of  the  oblique  cross  section  adapter  can  be 
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determined  analytically  as  well  as  experimentally.  The  system 
produces  control  forces  P  *  5-15J  with  small  losses  in  specific 
thrust.  Roll  control  with  a  single  nozzle  arrangement  is  infeasible. 


Pig.  19.15.  Diagram  of  an  oblique 
cross  section  adapter. 


The  most  widely  used  method  of  changing  the  direction  of  thrust 
in  a  liquid-fuel  rocket  engine  is  the  use  of  rotary  chambers  (Pig. 
19.16).  Both  basic  and  steering  (vernier)  chambers  are  used.  In 
case  of  a  single-chamber  arrangement  without  steering  engines,  the 
chamber  is  installed  in  a  cardan  suspension  and  is  inclined  at  an 
angle,  6  ■  3-7°  in  two  mutually  perpendicular  planes,  providing  pitch 
and  yaw  control. 


Pig.  19.16.  Diagram  of  a  rotary 
chamber. 


During  the  rotation  of  the  chamber  at  an  angle  6,  the  control 
force  consists  of 

Py  =  Pfl,  sini,  (19.9) 

the  losses  in  thrust 

AP*  ■*  P&B  ( 1 — cos  6) .  (19.10) 

A  system  with  basic  rotary  chambers  makes  it  possible  to  produce 
large  control  forces  (P  up  to  10—15% )  with  very  small  losses  in 
specific  thrust  UPyfl  <  lit). 


In  the  case  of  a  multichamber  engine  installation,  each  of  the 
basic  or  steering  chambers,  as  a  rule,  is  movable  only  in  one  plane. 
This  is  sufficient  for  flight  control  in  all  planes  of  stabilization. 
There  are  such  steering  chambers  of  RD-107  engine  of  the  first  stage 
of  the  rocket,  Vostok,  for  example.  Their  utilization  reduces  the 
specific  thrust  of  the  engine  in  a  vacuum  by  only  0.3$. 

The  reliability  of  a  system  with  rotary  chambers  is  high; 
however,  the  cardan  suspension  and  hinged  units  have  large  over-all 
dimensions  and  weight. 


•  The  control  forces  can  be  produced  by  method  of  the  misalign¬ 
ment  thrust  of  the  chambers  of  the  multichamber  engine,  in  a  fixed 
position  at  a  certain  angle  relative  to  the  axis  of  the  rocket 
(Pig.  19.17).  A  difference  in  thrust  is  attained  by  boosting  forcing 
one  and  by  throttling  the  other  chamber  by  the  same  amount.  The  sum 
total  thrust  of  the  engine  is  this  cases  does  not  change,  but  a 
control  moment  arises  equal  to 


Mt«2AP  (r  cos  6  +  L  sin  6) . 


(19.11) 


Fig.  19.17.  Diagram  of  the  change  in 
thrust  of  individual  chambers  of  a 
multichamber  engine. 


Thrust  losses  in  this  case  amount  to 
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1/W=2PsinA. 


Losses  in  specific  thrust  A?yfl  usually  do  not  exceed  a  fraction 
of  a  percent. 

What  has  been  said  can  be  projected  to  any  numbered  pair  of 
chambers  in  a  multichamber  device.  The  advantages  of  the  system  - 
in  lieu  of  any  special  actuating  controls,  is  the  simpli^'' 
convenience  of  adjustment.  With  no  less  than  four  char 
possible  to  control  the  flight  in  two  naturally  perpeK  .  's. 

With  a  corresponding  mounting  of  chambers  it  is  possib 
control  roll. 

Recently,  a  large  amount  of  attention  was  devoted  to  a  so-called 
gas-dynamic  method  of  controlling  the  direction  of  thrust.  These 
methods  are  based  on  the  input  of  a  basic  supersonic  flow  of  gas, 
perpendicular  to  a  liquid  or  solid  obstruction. 

If  a  gas  is  fed  in  the  supersonic  part  of  the  nozzle  through  an 
aperture  or  slot  under  a  specified  pressure,  as  shown  in  Pig.  19.18, 
then  in  front  of  the  jet  a  cone  shock  appears  or,  more  accurately, 
a  weakly  curved  percussion  wave  with  a  X-shaped  leg  at  the  base. 
Simultaneously,  a  Jet  stream  sweeps  through  the  flow  under  the  action 
of  a  dynamic  head  and  at  a  certain  distance  from  the  inlet  aperture, 
it  is  mixed  with  this  flow.  With  the  main  flow  across  the  cone 
shock,  the  static  pressure  in  the  flow  increases  and  the  pressure 
it  the  nozzle  rises.  As  a  result  an  unbalanced  lateral  force  arises, 
consisting  of  two  components:  reaction  thrust  of  the  ejected  gas, 
and  a  force  governed  by  the  phenomenon  of  an  asymmetrical  zone  of 
raised  pressure  behind  the  shock  relative  to  the  axis  of  the  nozzle. 
The  typical  range  of  raised  pressure  on  the  wall  of  the  nozzzle 
in  this  disturbed  zone  is  shown  in  Pig.  19.19.  The  magnitude  of 
the  second  component  may  comprise  50-70?  of  the  full  lateral 
force . 
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Pig.  19.18.  Fig.  19.19. 

Pig.  19.18.  Diagram  of  a  blast  of  gas  in  a  supersonic  Jet. 

Pig.  19.19.  Area  of  raised  pressure  with  a  blast  in  the  super¬ 
sonic  Jet  stream. 


It  should  be  noted  that  an  increase  in  the  pressure  in  the 
disturbed  zone  increases  the  thrust  of  the  nozzle  somewhat,  by 
increasing  the  specific  thrust,  determined  according  to  the 
expenditure  of  basic  fuel.  However,  the  specific  thrust,  determined 
according  to  total  expenditure,  is  reduced  due  to  the  inefficient 
utilization  of  part  of  the  fuel  (blasted  gas).  In  the  calculation 
one  can  assume  that  the  blast  of  gas  does  not  take  part  in 
producing  the  axial  thrust  of  the  engine. 

Gas  for  the  blast  can  be  removed  from  the  combustion  chamber, 
using  a  special  gas  generator  or  using  bottles  of  compressed  gas 
provided  for  this  purpose.  Prom  the  viewpoint  of  efficiency  it  is 
most  expedient  to  use  high-temperature  gas  from  the^combustion 
chamber  for  the  blasting.  However,  such  a  scheme  possesses  a 
substantial  deficienty  of  a  design  nature.  It  includes  the  fact  that 
the  bypass  valve  should  operate  on  high-temperature  gas,  possibly  with 
a  content  of  particles  of  the  condensate.  The  creation  of  such  a 
valve  is  a  complex  task.  The  utilization  of  a  relatively  low- 
temperature  gas  from  a  special  gas  generator  or  cold  gas  from 
bottles  makes  it  possible  to  avoid  these  difficulties.  However,  the 
efficiency  of  such  working  media  is  considerably  less,  than  that  of 
hot  gases,  and  the  system,  on  the  whole,  is  more  burdensome. 

The  utilization  of  an  injection  of  some  kind  of  liquid  from  a 
structural  point  of  view  seems  more  attractive,  although  based  on 
efficiency  such  a  system  is  considerably  inferior  to  a  system  with 
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a  blast  of  gas.  Principle  of  the  creation  of  a  lateral  force  with 
the  aid  of  an  injection  of  liquid  is  practically  analogous  to  a 
blast  of  gas.  The  distinctive  feature  is  that  after  a  blast  the 
liquid  is  atomized  by  the  flow  and  either  simply  vaporizes  (if  it  is 
chemically  neutral  with  respect  to  the  main  flow),  or  it  enters  into 
a  chemical  reaction.  The  latter  circumstance  favorably  reflects- 
the  efficiency  of  the  system. 

When  selecting  the  type  of  liquid  it  is  necessary  to  strive 
for  the  highest  possible  density.  This  makes  it  possible  to  reduce 
the  volume  of  the  containers.  It  must  be  stable  in  process  of 
storage  and  have  low  toxicity.  Low  specific  heat  capacity  and  low 
latent  heat  of  evaporation  will  faciliate  an  increase  in  the 
efficiency  of  the  system.  As  neutral  liquids  for  injection  one 
can  use  various  freons,  and  among  the  reactive  liquids,  there  is 
nitrogen  tetroxide  (N20^),  hydrogen  peroxide  (H202),  chlorine 
trifluoride  (CIF^),  and  other  components  of  liquid  rocket  fuels. 

Due  to  the  complexity  of  the  phenomena  which  appear  under  the 
interaction  of  cross  streams  of  gas  or  by  the  vaporization  of  the 
liquid  with  the  supersonic  flow  of  gas,  it  is  not  possible  at 
present  to  calculate  the  magnitude  of  the  lateral  control  force  by 
accurate  theoretical  methods. 

When  developing  actual  systems,  experimental  dependances  are 
used,  produced  on  models  or  life-size  engines  during  firing  tests. 
Figure  19.20  presents  approximate  dependences  of  the  control  force 
relative  to  the  efficiency  of  various  substances  during  blast 
(injection) . 

The  important  advantage  of  the  examined  methods  of  producing 
control  forces  is  the  absence  of  any  mechanical  elements  found  in 
a  high-temperature  jet.  The  immobility  of  the  chamber  and  the 
absence  of  mobile  controls  also  adds  to  the  positive  aspect  of  this 
system. 
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Pig.  19.20.  Dependence  of  the 
control  force  on  consumption 
with  injection  or  blasting  [3]: 

1  -  gaseous  nitrogen;  2  - 
freon-12;  3  -  water. 

The  deficiencies  can  include  the  difficulty  of  devising  a 
reliable  bypass  valve  of  hot  gases,  and  also  the  comparatively  low 
economy  in  the  case  of  injection  of  liquids.  It  should  be  noted 
that  in  case  of  a  single-nozzle  engine  such  a  system  does  not 
facilitate  creating  control  moment  relative  to  the  longitudinal  axis 
of  the  rocket.  For  these  purposes  one  must orovide  special  devices 
of  the  vernier  engine  types, 

To  create  am  asymmetrical  redistribution  of  the  pressure  in  the 
supersonic  part  of  the  nozzle  it  is  possible  to  Introduce  a  solid 
obstruction  in  the  form  of  a  rod  or  a  flap  (sometimes  also  called 
a  trimming  tab)  instead  of  a  gas  or  a  liquid. 

If  a  solid  obstruction  is  introduced  between  the  critical  section 
and  the  cross  section  of  the  nozzle,  then  the  picture  of  flow  is 
basically  similar  to  that  which  takes  place  with  blasting  or  injec¬ 
tion.  The  greatest  increase  in  pressure  will  take  place  directly 
in  front  of  the  obstruction.  The  areas  of  raised  pressure  are 
observed  even  along  the  periphery  of  the  disturbed  zone.  Directly 
behind  the  obstruction  a  stagnant  zone  will  form  at  a  reduced 
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pressure ,  i.  r»  result  of  which  in«-  magnlt  uib  of  t  v  lateral  a  i 
force  Is  jom*  witiit.  diminished.  When  pya  It  Ion  l  ng  a  colid  obstruction 
nearer  to  the  critical  auction  relative  to  itn  umll  advancement  In 
the  flow,  can  result  in  the  fact  that  an  oblique  chock  wave  will 
reach  tm-  ;p  .  .to  aide  of  the  nozzle,  l.e.,  it  will  project  over  the 
entire  section.  This  sharply  reduces  the  asymmetry  of  the  flow  and, 
accordingly,  the  magnitude  of  the  luteral  force. 

Wltn  practical  reail;*.;' t ion  of  such  controls,  apparently, 
serious  difficulties  will  arise  with  the  condensation  from  the  break 
of  high-temperature  products  of  combustion  in  the  clearances  near  the 
obstructulon.  The  Indicated  deficiencies  make  the  examined  methods 
of  producing  control  forces  not  very  attractive  and  they  are  seldom 
used. 
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The  majority  of  the  shown  deficiencies  can  be  avoided,  If  a 
flap  is  mounted  at  the  cross  section  of  the  nozzles.  In  this 
Instance  the  zone  of  rarefaction  is  absent,  thereby  diminishing  the 
control  force,  and.  the  rigid  requirements  for  condensation  between 
the  flap  and  the  cross  section  of  the  nozzle  are  raised. 

In  this  case  the  character  of  the  asymmetrical  redistribution 
of  pressure  chaoges  somewhat  in  comparison  with  the  previous  case. 

In  front  of  the  flap  an  A-shaped  shock  wave  appears.  Just  as  shown 
in  Pig.  19.21.  Here  a  typical  picture  of  the  distribution  of  pres¬ 
sure  according  to  the  line  of  symmetry  of  the  disturbed  zone  is 
portrayed.  Prom  the  examination  of  this  diagram  it  follows  that  at 
a  certain  point  in  front  of  the  flap  there  is  a  break-away  of  flow 
from  nozzle  wall  and  stagnant  or  frontal  break-away  zone  will  form. 
At  the  point  of  break-away  an  oblique  shock  wave  appears,  which  then 
merges  with  the  curved  shock  wave  arising  around  the  upper  edge  of 
the  flap.  By  means  of  advancing  the  flap  can  regulate  the  size  of 
the  area  of  the  disturbed  zone  and  degree  of  increase  in  pressure 
in  front  of  the  flap.  Ail  this  finally  results  in  a  change  in  tne 
control  force.  Thrust  losses  using  such  a  meth^J  of  producing  a 
control  force  will  determine  the  pressure  differential  on  the  front 
and  back  surface  of  the  flap. 
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f!«;  iJ*21*  D*»«rse  of  the  utllixa- 
\.flap  *nd  chereoter  of  the 
preaaure  distribution  In  front  of  it: 
1  -  nostle;  2  -  oblique  wave:  3  - 
break-eway  tone;  b  -  flap;  5  .  per- 
ouaalon  wave. 


In  order  to  calculate  the  bealc  characteristics  of  such  a 
apate.  it  I.  necessary  to  determine  the  sice  of  area  of  the  disturbed 
aone  In  front  of  the  flap,  to  evaluate  the  degree  of  Increase  in 
preaaure  In  thla  aone  and  to  find  the  dlatrlbutlon  of  pressure 
scot  ding  to  the  front  and  baek  aurfac*  of  the  flap.  Contemporary 
aethoda  do  not  permit  one  to  conduct  an  accurate^ralculatlon  of  the 
of  flows  In  front  of  the  break-away  cones.  Therefore,  during 
the  determination  of  the  basic  characteristics  of  the  flap?,  just 
as  In  the  preceding  case,  experimental  data  Is  used. 

According  to  certain  data  actual  values  of  the  coefficient  of 
quality  for  flaps  applied  In  solid  propellant  rocket  engines  (RDTT) , 
they  can  comprise  a  quantity,  equal  to  unity  or  more,  a  considerable 
lovering  of  K#  takes  place  due  to  the  pressure  of  clearance  between 
the  flap  and  the  cross  section  of  the  nocxle. 

***•  ■•lection  of  notarial  for  flaps  and  providing  for  their 
*****  resistance  represents  a  serious  problem. 

Although  the  solid  propellant  rocket  engines  are  regarded  as  tne 
basic  field  of  application  of  flaps  they  are  examined  here  for  analogy 
with  aethoda  of  blasting  of  gas  and  of  liquid  injection. 


091 


Cutoff  of  Thrust 


A  cutoff  of  thrust  or  the  turning  off  of  the  engine  is 
necessary  In  the  following  cases:  in  the  first,  after  achieving  the 
necessary  velocity  of  the  state  of  the  rocket  or  after  completing 
the  necessary  maneuvers  by  the  space  vehicle,  in  the  second, 
during  operation  on  the  test  stand  after  completing  a  program  of 
tests,  or  in  an  emergency  situation. 

In  first  case  for  accurate  endurance  of  the  assigned  terminal 
velocity  of  apparatus,  the  cutoff  of  the  thrust  must  be  performed 
sharply,  and  the  pulse  of  the  thrust,  acting  at  the  moment  and 
after  the  cutoff  (the  so-called  pulse  after-effect),  must  be 
minimum  and  stable.  Stability,  i.e.,  the  small  scatterings  of  pulse 
after-effect  with  the  repeated  response  of  one  engine  or  with  the 
turning  off  of  different  engines,  offers  the  possibility  of  consider 
lng  it  when  determining  the  moment  of  shutdown  . 

Shutdown  of  a  liquid-fuel  rocket  engine  is  performed  by 
stopping  the  supply  of  fuel  components  upon  response  of  the  cutoff 
valves.  The  pulse  after-effect  is  caused  by  the  exhaust  from  the 
combustion  chamber  containing  products  and  with  afterburning,  also 
components  entering  the  chamber  from  the  spaces  between  the  cutoff 
valves  and  the  heads.  By  design  of  the  liquid-fuel  rocket  engine 
the  attempt  is  made  for  these  volumes  to  be  as  small  as  possible. 
Also,  the  operation  of  the  engine  before  shutdown  at  a  lowered 
condition  promotes  the  lowering  of  the  pulse  after-effect.  It  is 
possible  that  the  last  meters  of  an  assigned  terminal  velocity  of 
the  apparatus  are  attained  upon  shutdown  in  a  powerful  sustainer 
engine  only  owing  to  the  work  of  vernier  engines  of  small  thrust 
(for  example,  on  the  "Atlas"  rocket)  or  even  owing  to  the  thrust, 
generated  upon  exhaust  of  the  working  medium  of  the  turbopump  unit 
(TNA) . 


1.  VRT ,  1965,  No.  4,  No.  6. 

(Investigatlon^of^ocket Engines  \°PlU* 

of  translation,  izd-  vo  "Mir”,  1964?  8  °"  llquid  fuel)>  collection 

3.  Hollstein  H.  J.,  j.  Spacecraft  and  Rockets,  1965,  No.  6. 
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CHAPTER 


XX 


PROTECTION  OF  THE  CHAMBER  WALL 

In  this  chapter  the  preferred  means  of  protecting  the  chamber 
walls  of  a  ZhRD  from  overheating,  oxidation  and  erosion  with  the 
aid  of  liquid  or  gaseous  coolants  are  examined.  Heat  transfer  rates 
from  the  products  of  combustion  in  the  walls  of  the  chamber  in  a 
specified  fuel,  for  the  value  k  and  T  are  considered  to  be 
known,  calculated  according  to  methods  in  Chapter  XIV. 

20.1.  Basic  Methods  of  Shielding  the  Wail 

Table  20.1  shows  the  basic  methods  of  shielding  the  chamber 
walls  using  a  liquid  or  gas  coolant. 

The  most  extensively  used  is  the  external  regenerative  liquid 
coolants  or  gaseous  components  of  the  fuel. 

The  basic  idea  of  internal  cooling  of  the  chamber  walls  is  to 
create  a  protective  layer  of  liquid  or  of  low-temperature  gas 
(steam)  near  the  fire  front.  Several  variations  of  internal  cooling 
exist.  Thus,  a  low-temperature  near-wall  layer  can  be  created  with 
the  aid  of  injection  head  near  the  chamber  walls,  in  which  the 
fuels  component  ratio  k„t  is  less  than  the  fuels  component  ratio 
in  nucleus  k  . 
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Table  20.1.  Basic  methods  of  liquid  shielding 
of  the  wall. 


Internal  porous 
cooling 


Liquid  ooolant  or  gu 
panotratoa  through  thin 
port*  In  tha  nail,  croataa 
a  layor  of  liquid  and 
vapor  and  lnaulataa  tho 
nail  from  hot  gasos, 
eonaldorably  lonarlng  tho 
thoraal  flon 


Coolant 


[Translator's  note:  »  ■  gas;  ct'.x  *  wall  gas  side 
ct.t  ■  wall,  coolant  side;  ct  *  wall;  h  *  core.] 
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A  variant  of  internal  cooling  is  film  cooling  —  a  supply  of 
liquid  to  the  inner  surface  of  the  wall  through  special  apertures 
or  slots  and  the  creation  of  a  film  curtain. 

By  analogy  with  a  liquid  film  curtain  a  gas  curtain  can  be 
created,  if,  for  example,  a  low-temperature  generator  gas  is  supplied 
to  the  inner  surface  of  the  wall  in  an  engine  with  afterburning.- 

Porous  cooling  is  a  development  of  a  method  of  film  cooling. 

In  this  variant  the  liquid  coolant  is  introduced  to  the  fire  front 
through  a  large  number  of  microscopic  ducts  in  a  wall  made  of  porous 
material . 


Frequently,  combined  systems  of  wall  shielding  are  employed, 
i.e.,  various  combinations  of  the  above-mentioned  methods,  in 
addition  to  systems  of  nonliquid  heat  shielding  (see  Chapter  XXVI). 

In  order  to  cool  the  chamber  reliably  and  economically,  at 
least  one  of  the  components  of  the  fuel  must  satisfy  the  following 
requirements : 

1)  have  a  significant  heat  capacity  and  thermal  conductivity; 

2)  have  a  large  latent  heat  of  vaporization  (if  the  component 
is  used  for  internal  cooling); 

3)  does  not  leave  deposits  on  the  cooled  wall,  which  hamper  heat 
removal  (scale,  coke  and  so  forth); 

*0  does  not  decompose  with  the  heating  of  the  coolant  passage. 


20.2.  External  Regenerative  Cooling 


The  physics  of  the  phenomena  of  heat  transfer,  examined  below, 
with  regenerative  and  independent  cooling  of  the  chamber  is  identical. 
Regenerative  cooling  has  its  own  characteristics  governed  by,  the 
limited  expense  of  the  coolant. 


General  Scheme  of  Heat— Transfer 


Figure  20.1  shows  a  scheme  of  heat  transfer  from  a  gas  to  a 
coolant  through  a  separating  wall  under  a  stationary  condition  of 
external  cooling.  In  the  thermal  boundary  layer  of  gas  having  a 
thickness  ft,  the  heat  from  gas  is  transferred  to  the  wall  and 
sharply  reduces  the  temperature  from  Tt  to  Terr-  The  total  specific 
thermal  flow  from  the  gas  in  the  wall  is  equal  to  the  sum  of 
convection  and  radiant  flows 


<?  =  <7K  +  <7n. 


where 


(ft — T ct.r) • 


• 

Fig.  20.1.  Temperature  diagram  with 
external  cooling  of  the  chamber. 
[Translator's  note:  oxji  =  coolant.] 


For  convenience  it  is  possible  to  introduce  a  certain  arbitrary 
value  to  the  heat-transfer  coefficient  from  the  gas  to  wall  a't, 
also  taking  into  account  the  convection  and  radiant  heat  exchange. 
Then 


q — a,  (T ,  f  cT.r)» 


(20.1) 


where 


a'  —a.  4 


•'  97 


(20.2) 


•■.-jrnber  heat  is  transferred  owing  to 
..■an  be  described  by  the  equation 


i 

3f 

1 


:’ic 


rary 

;e . 


Through  I:.-'  wall  of  the 
the  thermal  fondue ti vi ty  thai 


</=,;'•  trcr  r— rcr  xh 


(20.3) 


where  >..T  mean  '-alue  of  the  coefficient  of  thermal  conductivity  of 
the  materia]  of'  the  wall,  taken  at  a  temperature  of 


_  ^cT.rd~f c- 

0 


Equation  (20.3)  is  recorded  with  several  assumptions,  namely: 
thermal  flow  is  accepted  as  one-dimensional,  distributed  only  normal 
to  the  wall  (to  the  radius);  wall  is  accepted  as  a  plane,  associated 
with  the  fact  that  the  difference  in  the  sizes  of  the  internal  and 
external  surfaces  of  the  wall  are  not  taken  into  account,  but  the 
quantity  q  is  accepted  as  constant.  All  these  assumptions  are 
slightly  reflected  in  the  results  of  the  calculation. 


In  the  thermal  boundary  layer  of  the  coolant  with  a  thickness 
Go**  ,  heat  is  transferred  from  the  wall  in  the  coolant  and  the 
temperature  drops  from  TCr.x  to  Tox According  to  the  equation  of  this 
process 


<7— ctoxn  ( fen— Toxn),  (20.4) 

where  a0J.i  —  coefficient  of  convective  heat-transfer  from  the  wall 
to  the  coolant. 


The  common  solution  of  equations  (20.1),  (20.3)  and  (20.4) 
provides  the  following  well-known  equation  of  heat  transfer  from  a 
gas  to  a  coolant  through  a  separated  wall: 


1  i  1  V>  'ti  i  r  y-  4-J4.. 


</  =  ■ 


1 


-L  +  ^ 

u,  >  r 


■  (Te  T  ou). 


+  -  — 


(20.5) 
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is  the  thermal  resistance  of  the  heat  transfer  from  the  gas  to  the 
coolant.  It  consists  of  the  thermal  resistances  of  the  gas  \/a'„  the 
wall  ActAct  and  coolant  1/aom. 

Effect  of  the  various  types  of  thermal  resistances  is 
illustrated  in  Pig.  20.2,  where  the  results  of  the  calculation  of 
external  cooling  of  the  chamber  under  various  hypothetical  conditions 
are  presented.  The  line 


T  cT.r“  f«on 

limits  the  maximum  allowable  wall  temperature  on  the  gas  side  under 
conditions  of  strength  and  heat  resistance. 


Pig.  20.2.  For  the  analysis  of  the 
effect  of  thermal  resistances  of  the 
gas,  the  wall  and  the  coolant. 
[Translator's  note:  ,qon  -  maximum 
allowable. ] 


Line  1  shows  the  relationship  between  temperature  Tc ».r  and  the 
temperature  of  the  gas  for  several  original  variants .  Line  2  depicts 
the  same  relationship  at  thermal  resistance  of  the  coolant,  reduced 
by  5  times  that  of  the  original.  As  it  appears,  this  reduction 

makes  it  possible  to  raise  the  temperature  of  the  gas  Te T.r  . 
Simultaneously,  it  increases  the  thermal  flow,  transmitted  to  the 
coolant  (figures  at  the  points  signify  the  relative  change  in  specific 
thermal  flow).  Line  3  shows  the  relationship  between  Tc T.r  and  t, 
with.  a.  two-fold,  reduction  thermal  resistance  of  the  wall  and  of 
constant  residual  resistances.  While  maintaining  T„.r  the  temperature 
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of  the  gas  can  increase  even  more,  but  the  thermal  flow  in  the 
coolant  sharply  increases.  Finally,  line  relates  to  a  case  where 
the  thermal  resistance  of  the  gas  increases  two-fold  (the  remaining 
quantities  are  invariable).  As  it  appears,  the  effect  of  the 
thermal  resistance  of  the  gas  to  the  permissible  temperaLture  of  the 
gas  is  most  significant;  moreover,  it  does  not  change  the  specific 
thermal  flow  in  the  coolant. 

Questions,  connected  with  heat-transfer  from  the  products  of 
combustion  in  the  wall  of  the  chamber,  are  examined  in  Chapter  XIV. 
It  is  important  to  also  analyze  the  subsequent  stages  of  the 
transmission  of  heat. 

Heat-Transfer  Through  the  Wall 

Heat-transfer  equation  (20.3)  can  be  solved  relative  to 
temperature  T„.x‘. 


T  —T 

1  CT.X  1  Cl 


(20.6) 


An  increase  in  the  thickness  of  the  wall  Increases  its  thermal 
resistance  and  according  to  equation  (20.5),  it  somewhat  diminishes 
the  specific  thermal  flow.  Simultaneously,  temperature  of  wall  on  the 
gas  side  increases: 


T  -=T  — 

M  d.r  1  e 


(20.7) 


An  Increase  in  the  coefficient  of  thermal  conductivity  (change 
of  the  material)  reduces  the  thermal  resistance  of  the  wall  and 
increases  the  specific  thermal  flow.  Temperature  of  the  wall  on  the 
gas  side  in  this  case  is  lowered,  and  on  the  coolant  side  -  is 
elevated . 
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Heat— Transfer  in  the  Coolant 


Fuels  as  well  as  oxidizers  are  used  as  coolants  for  external 
cooling.  The  utilization  of  fuels  is  preferable,  because  they  usually 
have  more  favorable  thermal  properties  and,  as  a  rule,  they  do  not 
produce  an  aggressive  medium.  However,  the  fuel  is  always  lesser 
amounts  than  the  oxidizer,  and  it  turns  out  to  be  insufficient. 

Such  an  oxidizer  as  possesses  highly  favorable  coolant 

properties  because  of  its  endothermic  dissociation  at  high  tempera¬ 
tures  . 

In  connection  with  the  various  properties  of  coolants  and  their 
parameters  in  the  coolant  passage  different  conditions  of  heat- 
transfer  are  possible..  In  Fig  20.3  these  conditions  are  classified 
depending  on  the  pressure  and  the  temperature  of  the  coolant  with 
respect  to  the  critical  parameter.  With  pointers  in  the  field  of 
the  chart  the  direction  of  the  change  in  the  parameters  of  coolant 
in  the  coolant  passage  is  shown. 


r*P 


Pig.  20.3.  Conditions  of  heat- 
transfer  in  the  coolant. 

[Translator's  note:  wp  *  critical.] 


At  a  subcritlcal  temperature  and  pressure  (condition  A)  the 
coolant  can  be  found  in  the  liquid  and  vapor  phases.  The  dependence 
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P"'-~HT)  server,  as  the  boundin'. ,  of  these  states.  A  t.wo-i  ha;w 
of  the  coolant  Is  also  possible.  If  the  wall  tomporatur*-  >u  th 
coolant  side,  TCr.i  is  somowhnt  (up  to  10-50°)  elevated  to  the  bol  l  Inf: 
point  of  the  coolant  at,  a  given  pressure,  then  the  main  mass  of 
flow  (nucleus)  does  not  begin  to  boil,  but  in  the  boundary  layer 
little  bubt  !cs  uf  vapor  appear.  The  main  flow  washes  the  bubbles 
off  the  surface  of  the  wall,  and  they  are  condensed  In  the  coder 
layers  of  the  liquid.  ’!rn  transverse  motion  of  the  bubbles  intensifies 
the  turbulent  transfer  f  heat  f  r  jm  the  wall  through  the  boundary 
layer  to  the  main  flow,  and  consequently,  increases  the  coefficient 
of  heat-transfer  from  the  wall  into  the  coolant.  Value  a,,**  with 
bubble  boiling  can  be  several  times  greater,  than  under  a  condition 
without  vaporization.  However,  the  Increase  in  aMn  continues  only 
to  a  determined  value  of  the  overheated  wall,  Tma,  at  which 

numberous  bubbles  merge  into  a  continuous  film  of  vapor,  Insulating 
the  coolant  from  the  wall.  After  this,  the  coefficient  of  heat- 
transfer  sharply  drops,  and  temperature  T„.x  increases.  The  overall 
heat-transfer  in  the  coolant  is  reduced  considerably,  as  a  result, 
it  permissibly  increases  fCTr.  The  described  dependence  on  AT 
is  shown  in  Fig.  20.4.  Value  AT,  corresponding  to  the  maximum  Oo,,. 
is  maximum  permissible,  because  when  &T>iiT„p  film  boiling  appears. 


Fig.  20.4.  Dependence  of  u,„,  on 
[Translator’s  note:  np  ■  maximum  permissible.] 


In  this  way,  under  condition  A,  one  can  use  either  flow 
conditions  of  the  liquid  without  vaporization  (T„x<THm),  or  conditions 
of  bubble  boiling  (T„.,  ^THm+ATnp). 


At  a  aupercrltlcal  pros our*  and  a  subcrltlcal  temperature 
(condition  B)  th*  coolant  exists  aa  a  single-phase  drop  liquid. 

At  a  auporerltloal  pressure  and  temperature  (condition  C) 
th*  coolant  la  In  th*  gaseous  atat*.  It  la  poaalbl*  aa  shown  In 
Fig.  20. 3  that  th*  liquid  component  passes  into  th*  coolant  passage , 
a  auporerltloal  pressure  and  aubcritical  temperature;  then,  It  is 
h*at*d  to  a  auporerltloal  temperature  and  further  on,  becomes  a 
gaseous  coolant . 

Under  condition  D  th*  coolant  la  also  In  th*  gaaeous  atate. 

Table  20.2  ahoua  values  of  th*  critical  parameters  of  certain 
eoaponenta  of  liquid  fu*la. 


Table  20.2.  Critical  parameters  of  certain 


coolant* 
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«» 

00 
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OB 

00 

Condition*  of  h*at-tranafer  of  the  same  coolant  can  be  different 
under  the  varioua  conditions  of  a  coolant  passage.  Below  are  shown 
♦he  characteristic  conditions  of  heat-t rarsfer  In  fuel  cor.;  -nents 
(7). 


Component 


Characteristic  condi¬ 


tions  of  heat-transfer 


Kerosene  B 

Hydrozen  C 

e,  Ammonia  A,  r 

Hydrazine  A 

Dimethylhydrazine  A,  B 

Nitrogen  tetroxlde  A 

Hydrogen  peroxide  (90-90#)  A 


The  quantitative  laws  of  heat-transfer  under  various  conditions 
are  different. 


1.  Liquid  single-phase  coolant  (part  of 
conditions  A  when  TCj.%<Tm,  a11 
of  condition  B) 

The  mechanism  of  heat-transfer  -  the  forced  convection  during 
the  turbulent  motion  of  the  liquid  in  a  channel.  In  order  to 
calculate  one  must  use  the  known  criterial  dependence  of  M.  A. 
Mikheyev: 


Nu„— 0,021  Re®'" 


Pr®.«( 


pl*  ,0lM 

Pr  J 


or  the  dependence  close  to  it 


Nu„  =  0,005 Re*  *®Pr2;\ 


(20.8) 


(20.9) 


In  the  criteria  with  a  index  "w"  the  properties  of  a  coolant 
exhibit  a  mean  liquid  temperature  with  a  index  "ct"  -  at  a  temperature 
7*ct  1 

ent 

n  The  dependence  (20.9)  is  satisfactorily  confirmed  by  experiments 

with  kerosene,  hvdrazlne  nitrogen  tetroxlde  and  water,  and  other 
components.  Both  dependences,  however,  require  more  precise 
definitions,  because  they  do  not  reflect  the  effect  of  such  factors. 
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as  configuration  of  cross  section  and  curvature  of  the  channel, 
nonunifcrmity  of  heating  and  so  forth. 

The  critical  dependences  can  solve  the  relatively  heat-transfer 
coefficient.  For  example,  from  the  dependence  (20.9)  let  us  obtain 


a*  =  0,005 


w 

deg  ’ 


(20.10) 


where  Goxn—  consumption  of  liquid  coolant  in  seconds;  F MJI  —  cross- 
sectional  area  of  the  coolant  passage. 


In  parameter  0*1  the  thermal  properties  are  grouped  depending 
for  the  given  liquid  only,  on  the  temperature: 


—  _u,i 

Because 


dp  «* 
Fo  i« 


®OuCou» 


then,  the  formula  (20.10)  can  be  written  so: 


^  »0  M 

^0,005-^ 


(20.11) 


Here  the  density  of  the  liquid,  also  depending  on  the  temperature, 
is  included  in  the  parameter  0*2  : 


ew2=®*i(&98. 

The  quantity  0*2  is  defined  as  the  coolant  capacity  of  the  liquid. 
For  drop  of  liquids  it  usually  increases  with  an  increase  In  tempera¬ 
ture  . 
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<’  ■  Liquid  coolant,  with  bubble  boiling  [  (pare 
of  condition  A  when  7'K11I1<7'(TS  (Tum+.\Tni,)\ 

Mechanism  of  heat-transfer  has  been  briefly  described  above. 

The  quantitative  determination  of  the  coefficients  of  heat-transfer 
is  difficult.  For  each  coolant  one  also  experimentally  determines 
such  highly  important  values  as  a7\, P  and  <7np  —  the  maximum  heat  flow, 
which  can  be  directed  into  a  liquid  without  the  appearance  of  film 
boiling.  The  quantities  q ^  and  AT,^  most  substantially  depend  on  the 
rate  of  the  coolant,  Increasing  with  an  increase  in  w0xn<  and  also 
on  the  difference  between  the  boiling  point  and  the  mean  temperature 
in  the  nucleus  of  flow,  on  the  pressure  in  coolant  passage  as  well 
as  on  the  geometry  of  the  passage. 

By  way  of  reducing  the  quantity  <7np  certain  coolants  rank 
approximately  as  follows:  ,  C^HgN^,  H^O^,  NH3’  N2°V 

3.  Gaseous  coolant  (conditions  C  and  D) 

Cooling  by  gas  creates  great  interest,  if  such  efficient  coolant 
as  hydrogen  or  other  light  gases  are  used,  for  example,  ammonia. 

When  cooling  with  hydrogen  very  'large  heat  removal  can  be  attained  as 
a  result  of  the  high  heat  capacity  of  the  coolant  and  as  a  result 
of  the  feasibility  of  considerable  preheating.  The  greater  part  of 
the  heat  removal  will  occur  in  gaseous  hydrogen. 

Information  on  heat-transfer  under  conditions,  characteristic 
for  a  coolant  passage  In  a  ZhRD,  as  yet  Is  scanty.  For  a  developed 
turbulent  motion  at  steep  temperature  gradients  (T,ITKV>2)  one  can  use 
the  criterial  equation 


Nu,  =  0,025Re?'®Pr?'4 

*  ^  (i  i 


(TO.  If) 


in  which  index  «?»  signifies  that  the  criteria  are  determined  at  the 
average  temperature  of  the  coolant  gas. 


The  formula  for  the  heat-transfer  coefficient,  obtained  from 
equation  (20.12),  has  the  form 


a,-0,025(^.\w  '  8  _J! _ 


(20.13) 


where 


•  At  ratios  of  temperatures  T,/TKV<2  the  dependences,  analogical 
to  the  expression  (20.12),  and  not  found  in  the  literature. 


Preheating  of  the  Coolant 


The  preheating  of  the  coolant  in  the  passage  is  taken  into 
account  in  the  course  of  movement  of  the  component.  The  calculation 
gives  not  only  the  total  quantity  of  preheating,  but  also  the  local 
values  of  the  temperature  of  the  coolant  in  various  sections .  For 
the  calculation  one  usually  uses  the  same  lay  out  of  chamber  passage 
in  the  section,  which  was  used  in  the  determination  of  specific 
thermal  flows  from  the  gas  into  the  wall.  An  example  of  such  a  layout 
is  presented  in  Fig,  20,5,  y 


Inlet  for 


Fig.  20.5.  Example  of 
the  layout  of  the  chamber 
passage  in  the  section 
for  the  calculation  of 
cooling . 
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For  each  of  the  sections  they  comprise  an  equation  of  heat 
balance  (heat  removal  in  the  surrounding  medium  through  the  external 
walls  can  be  ignored): 


V 


~>n 

L 

5e 

out 


i 


A  7"  „„  ( =  — — — ,  (20.14) 

where  —  quantity  of  heat,  which  should  be  discernible  by  the  • 
coolant  in  the  given  section;  G0*m  —  consumption  of  the  coolant  in 
seconds;  c0*. k—  heat  capacity  of  the  coolant  at  an  average  of  its 
temperature  in  the  given  section. 

One  determines  the  value  by  the  integration  q  in  the  given 
section  with  a  length  : 

rl+t  nA 

Q,=  f  q—dL,  (20.15) 

j  cos  a 

h 

where  d  -  inside  diameter  of  the  chamber,  changing  in  the  section; 
a  -  angle  of  slope  of  the  forming  chamber  to  its  axis.  Hence 


AT 

J/  nxji 


1 

'  *nx.i  lO rxA  I 


CO*  a 


(20.16) 


If  the  layout  to  the  section  is  dense,  then  one  can  use  the 
means  q  and  d  for  the  given  section: 


hT. 


OMA  1  ’ 


I  lO OX*  I 


(20.17) 


where  q^  —  average  value  of  specific  heat  flow  in  the  i-th  section; 
-  surface  of  the  i-th  section,  determined  by  the  formula 


O  _  n  |) 

-I - ^ - 

2  cos  a 


Ah. 


Because  the  value  of  the  temperature  on  exit  from  section  was 
unknown  earlier,  then  the  average  heat  capacity  of  the  coolant  can  be 
be  determined  by  the  method  of  selection. 


I 
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The  temperature  of  the  coolant  In  the  section  (1+1)  comprises 


Tox;i(i+l)— Totji  i  +  ATom  (20.18) 

and  on  exit  from  the  coolant  passage  — 

n 

Tou.»n«==^roxji.»»_l“  2  l>  (20.19) 

'1-1 


where  the  value  Is  the  complete  preheating  of  the  coolant  In 

the  passage. 


Determination  of  the  Areas  of  the  Coolant  Passage 


In  order  to  remove  the  thermal  flow  q  in  the  coolant  in  every 
section  of  the  chamber  a  defined  value  of  heat-transfer  coefficient 
from  the  wall  into  coolant  is  required.  In  general  this  value  is 
equal  to 


(20.20) 


Since  after  the  values  q,  Tc T,x  and  T0J„  are  defined  at  the  specified 
consumption  of  the  coolant  G0XJI,  it  is  necessary  to  assure  that  there 
can  be  ao*a  only  due  to  the  rate  of  the  coolant,  which  depends*^  the 
area  of  the  channel.  In  case  of  liquid  coolant  when  the  heat-transfer 
coefficient  is  determined  by  the  expression  (20.10),  it  is  necessary 
to  guarantee 


“™-°'oo5fer^pe*' 


whence  the  necessary  area  constitutes 


p.  __  p  /  0.005ftwi  V-Q5 

ou  uou  I  n  nc  I 


/  0.0058wi  \i 

(  iW?'05) 


(20.21) 
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;  sea 


in 


-y 

?nt 


coolant,  using  the  expression  (20.13), 
o.ngse,  y.as  /  t,  \o,6s? 

•Wf*  j  \t\Z)  ‘  (20.22) 

In  order  to  guarantee  the  necessary  heat  removal,  area  of  the 
flow-through  section  of  the  coolant  passage  must  be  not  more,  than 
that  determined  by  the  expressions  (20.21)  or  (20.22). 

Based  on  the  accepted  values  of  /'oxl  one  can  calculate  rate  of 
movement  of  the  coolant: 


Analogous  for  a  gaseous 
we  will  obtain 


^  ^  OX.l  I 


W  —  -  _ 

‘  Of.1 


The  rate  of  liquid  coolants  attains  tens  of  meters  per  second, 
the  gaseous  -  substantially  more.  For  example.  In  Fig.  20.6 
velocities  of  the  liquid  are  shown,  and  then  gaseous  hydrogen  In 
coolant  passage  of  a  J-2  ZhRD  (USA). 
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Fig.  20.6.  Elements  in  the  diagram  of 
a  J-2  ZhRD  (USA):  1  —  supply  of  liquid 
hydrogen;  2  -  gases  behind  the  turbine 
for  internal  cooling  of  a  part  of  the 
nozzle;  3  -  injection  head  of  the  "gas^ 
liquid"  type. 


Losses  In  Pressure  in  the  Coolant  Passage 

Parallel  to  the  calculation  of  heat-transfers  in  the  coolant 
passage  one  can  compute  the  change  in  pressure  in  it.  In  each 
section  the  change  in  pressure  can  be  determined  by  the  change  in 
the  quantity  of  motion  {(twAw),  by  the  losses  to  friction  AgT p  and  by 
the  local  hydraulic  losses  ApM: 


A  P  OXJI  *  *  Qwdv)+Aplv+ApK. 


(20.23) 


The  change  in  the  amount  of  movement  has  a  value  only  in  case 
of  a  gaseous  coolant. 

Losses  to  friction  for  a  liquid  coolant  can  be  determined 
according  to  the  usual  relationship:  • 

(20.210 

The  quantities  q*.  wm  and  d%  are  taken  as  average  for  the  given 

section.  The  unmeasurable  coefficient  of  friction  £  can  be 

a  5 

determined  for  turbulent  fluid  flow:  when  Re  ■  3*10-10 

(20.25) 

when  Re  -  105-108 

«=0,003 2  +  .  (20.26) 

The  reynolds  number  in  the  formula  for  the  determination  of  £ 
can  be  found  based  on  the  average  values  of  the  determining 
parameters,  related  to  the  mean  temperature  of  the  coolant  and 
hydraulic  diameter  of  the  channel. 

Losses  in  pressure  due  to  local  resistances  (sudden  expansion 
and  contraction,  rotation,  and  so  forth)  are  determined  by  the 
formula 

iPu-h  —  ,  (20.27) 

where  £^  —  coefficient  of  local  resistance,  adopted  from  reference 
books . 

Losses  in  pressure  under  conditions  A  with  bubble  boiling  are 
higher  than  losses  during  the  movement  of  the  single-phase  liquid. 
<\n  analytical  determination  of  them  is  difficr.lt. 
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Losses  in  pressure  under  conditions  C  and  D  are  determined 
according  to  the  corresponding  dependences  for  gases. 

After  that  the  losses  in  pressure  in  the  section  $re  found; 
they  define  the  absolute  pressure  of  the  coolant 

P<+l“P<“ Ap0xa<. 

which  are  necessary  for  the  calculation  of  the  strength  and  the 
determinations  of  the  boiling  point  of  the  coolant. 


Total  losses  in  pressure  in  the  coolant  passage  are  determined 
by  summarizing  Aptim  along  the  entire  section: 

n 

APou^S  Apou/. 

Jp*1 

This  quantity  is  used  in  calculating  the  fuel  supply  system. 


It  is  interesting  to  compare  the  efficiency  of  heat-transfer  in 
the  coolant  under  a  condition  of  identical  losses  in  pressure  in 
the  coolant  passage.  The  difference  in  the  coefficients  of  heat- 
transfer  in  this  instance  will  be  governed  by  the  difference  in 
physical  properties  of  the  coolants  and  by  the  difference  of  its 
rates  in  the  passage*  By  basing  on  the  relationship  (20.9)  and 
having  in  mind  that  losses  in  pressure  are  proportional  to  the 
quantity  qw*,  one  can  obtain  the  following  expression  for  the 
comparison  of  coefficients  of  heat-transfer  of  the  two  coolants 
under  the  condition,  Ap0«i "const: 


£l  *  /£hl)0,4  /  /o«i  \°  <” 

Oj  Ua,/  \eKt)  \p— < 


(20.28) 


A  comparison  of  the  heat-transfer 
fox«“v  310°K,  performed  with  the  aid  of 
below.  As  a  standard  coolant  kerosene 


in  different  coolants 
relationship  (20,28), 
was  accepted. 


when 
is  given 
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Coolant 


a 


kerosene 


Fuels 


Kerosene 


NDMG . 

50*  +  50*  NDMG . 

Oxidizers 


1.0 

4.2 


3.0 


2.9 


H202  .  4.8  r 

f 

N204  .  2.7  t 

t 

P 

Limitations  of  Regenerative  Cooling  ^ 

t 

After  the  examination  of  the  laws  regularities  of  heat-transfer 

r 

with  regenerative  cooling  the  basic  conditions  for  the  reliability  ^ 

and  for  the  rationality  of  utilizing  this  type  of  cooling  can  be 
formulated  in  the  following  manner: 

1)  the  wall  temperature  on  the  gas  side  along  its  entire  length 
of  the  chamber  must  not  exceed  the  temperature,  permissible  under 
conditions  of  strength  and  heat  resistance; 

2)  the  wall  temperature  on  the  coolant  side  should  nowhere 
exceed  the  permissible,  excluding  conditions  of  film  boiling,  thermal 
and  catalytic  decomposition,  coking; 
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3)  the  temperature  of  the  coolant  should  nowhere  exceed  the 
permissible;  for  example,  the  boiling  point,  temperatures  of 
decomposition  or  cokings  depending  on  the  properties  of  the  component; 

4)  losses  in  pressure  in  the  coolant  tract  should  be  small  as 
possible,  in  order  to  reduce  the  weight  of  the  supply  media; 

5)  coolant  passage  should  be  technologically  efficient. 

It  is  impossible  for  all  chambers  to  meet  these  conditions. 

With  a  specified  fuel  and  given  maximum  thrust  there  are  limitations 
on  the  pressure  in  the  combustion  chamber,  and  in  this  case  the  fuel 
and  fixed  p  —  based  on  the  amount  of  thrust . 

Limitation  on  pHma x  is  governed  by  the  strength  of  chamber  wall 
at  the  maximum  permissible  rCTr.  With  an  Increase  in  p  minimum 
necessary  under  conditions  of  strength  of  the  thickness  of  the  wall 
from  the  accepted  material  6cr.min  increases  (Fig.  20.7).  At  the  same 
time,  as  shown  above,  for  efficient  heat-transfer  through  the  wall, 
the  thickness  of  the  wall  should  be  as  thin  as  possible.  Its  maximum 
permissible  value  <Winax  at  different  p  are  also  shown  in  Fig.  20.7. 

The  simultaneous  meeting  of  the  requirements  of  strength  and  of  heat- 
transfer  is  possible  only  in  the  shaded  range.  As  it  appears,  the 
range  of  acceptable  values  6ct  is  shortened  with  an  increase  in  p  . 

K 

The  value  pK max  is  the  maximum  permissible  for  the  given  material. 


Fig.  20.7.  For  the  analysis  of  the 
limitations  of  regenerative  cooling. 


514 


Utilization  or  a  connected  Jacket,  when  the  cold  wall  of  cooling 
casing  carries  a  power  load,  of  courae,  will  substantially  weaken 
the  limitation  on  &•«■»,  and  consequently ,  it  expands  the  range  of 
permissible  values  of  pM> 

Limitation  on  Hum  is  governed  by  the  maximum  permissible 
thermal  receptivity  of  the  coolant,  l.e.,  by  the  maximum  quantity 
of  heat,  which  can  be  transferred  to  1  kg  of  coolant,  not  overheating 
it  higher  than  a  certain  permissible  temperature.  For  the  majority 
of  liquids,  the  limiting  temperature  of  heating  should  not  exceed 
the  boiling  point;  for  some  -  the  temperature  of  thermal  or  catalytic 
decomposition  (^H^,  HjO^)  or  temperature  of  coking  (hydrocarbon 
fuels) . 

In  the  cheaper  of  the  adjusted  thrust,  the  lowering  of  pH 
signifies  a  proportional  decrease  in  the  consumption  of  the  component- 
coolant.  The  quantity  of  heat,  which  enters  the  wall  and  which 
should  be  discernible  by  the  coolant ,  Is  lowered  to  a  lesser  extent , 
approximately,  proportional  to  ?*-*.  Per  unit  of  consumption  or  the 
coolant  a  larger  quantity  of  heat  Is  passed,  Its  preheating  Increases. 
Moreover,  with  the  lowering  of  pH  and  consequently,  the  decrease  In 
pressure  of  the  component  coolant  lowers  Its  boiling  point.  As  a 
result,  at  values  of  pH  below  a  certain  ,  regenerative  cooling 
with  a  given  component  Is  Impracticable  as  a  result  of  Its  overheated 
higher  than  the  permissible  temperature.  / 

The  limitation  based  on  the  amount  of  thrust.  Is  realizable  In 
the  chamber,  we  can  Illustrate  by  a  simple  example.  Let  us  operate 
two  chambers  of  different  thrust  on  the  same  fuel  at  Identical  pH. 

The  necessary  time  of  stay  of  the  fuel  In  the  combustion  chamber  Is 
the  same.  The  volume  of  the  combustion  chamber  according  to  the 
formula  (16.10)  should  change  proportionally  to  the  consumption  of 
fuel  In  seconds,  and  consequently,  the  thrust.  For  a  spherical 
the  combustion  chamber 


V 


a  i 


0 15 


Consequently : 


At  the  same  time  the  surface  of  the  combustion  chamber, 
receiving  the  heat,  constitutes 


u—jufJ.—juj’p*'*-.  aj**- 


Thus,  the  surface  of  the  heating  changes  more  slowly  than  thrust 
and  consumption  of  the  coolar.t  component.  Under  the  examined 
conditions,  the  specific  thermal  flow  in  the  walls  q  is  identical. 

It  means  the  quantity  of  heat,  transmitted  per  unit  of  consumption 
of  the  coolant,  is  more  for  the  chamber  of  small  thrust.  At  values 
of  thrust  lower  than  a  certain  amount  of  Pm ,  the  regenerative 
cooling  of  one  or  even  both  components  is  impossible  as  a  result  of 
their  overheating. 

Figure  20.8  shows  the  character  of  change  In  the  temperature  or 
the  same  liquid  coolant  In  three  chambers,  designed  for  different 
thrusts  and  operating  under  variable  conditions.  By  a  dotted  line 
limiting  boiling  point  of  the  coolant  depends  on  the  pressure.  As 
it  appears,  in  all  the  chambers  the  preheating  of  the  coolant 
Increases  with  lowering  of  pM .  In  chamber  No.  1  having  the  greatest 
thrust  Pj,  this  preheating  is  less  significant  than  In  chamber  No.  2 
with  a  thrust  P?  <  Pj,  but  in  the  second  chamber  it  is  less,  than 
In  the  third  with  a  thrust,  P^  <  P,,.  Correspondingly,  in  chamber 
No.  la  wide  range  of  conditions  without  the  overheating  of  the 
coolant  Is  possible,  whereas  In  chamber  No.  2  It  Is  ascertained, 
and  in  chamber  No.  3,  regenerative  cooling  Is  generally  Impracticable, 
since  the  coolant  begins  to  boil  even  at  Pnmu- 
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Fig.  P0.8.  Dependence  of  the 
temperature  of  liquid  coolant  on 
pressure  p*  for  chambers  of  various 

thrusts  . 

[Translator's  note:  m  ■  liquid; 
nun  ■  boiling]. 


0  0,2  4*  4 / 


Fumx 


Procedure  of  the  Calculation 

The  original  data  for  the  calculation  are: 

parameters  of  the  products  of  combustion,  obtained  by  the 
thermodynamic  calculation; 

second  the  consumption  of  the  coolant  and  of  its  properties 
depending  on  temperature  and  pressure; 

thicknesses  of  the  chamber  walls,  specified  for  conditions  of 
strength  and  heat  resistance; 

properties  of  the  material  of  the  wall  at  various  temperatures. 

For  the  chamber  with  controlled  thrust,  necessary  data  are 
necessary  to  know  the  maximum  and  minimum  conditions. 

Calculation,  in  essence,  is  a  check:  by  assigning  a  temperature 
distribution  r,Tr<7aoa  throughout  the  entire  channel  of  the  chamber, 
they  check,  whether  or  not  the  reliable  regenerative  cooling  Is 

guaranteed . 


•'S 
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t ures . 
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The  procedure  of’  the  calculation  la  such  that: 

1.  For  the  condition  P« mat  by  methods,  given  In  Chapter  XIV, 
the  distribution  of  the  specific  thermal  flows  q  foe  the  entire 
channel  Is  calculated. 

One  obtains  diagram  q  at  the  prescribed  fuels  component  ratio 
tc  in  the  near-wall  layer  as  far  as  possible  with  an  allowance  for 
effect  of  film  curtain,  if  such  is  anticipated. 

If  distribution  qQ  is  known  for  the  channel  of  a  "standard" 
chamber,  geometrically  given  in  detail,  then  ir.  order  to  determine 
q,  one  can  make  use  of  the  formula  of  conversion  (1*1.55): 

'  lot  \PuOf  W«p  /  So 

This  formula  can  be  applied  for  the  conversion  q  with  a  variable 

Ph* 


2.  For  a  condition  Ph  mm  the  preheating  of  the  coolant  is 

checked.  If  temperature  is  lower  than  a  certain  maximum 

permissible,  then  the  cooling  of  the  chamber  can  be,  in  principle, 
the  component  under  considerations. 

3.  According  to  formula  (20.6)  the  values  of  temperature  of 
the  wall  on  the  coolant  side  can  be  determined: 


One  checks  whether  or  not  7',.,  exceeds  the  permissible  wall  temperature. 
When  rrlr*r.ta„„  or,  conversely,  with  an  underrated  value  of  rrt»,  If 
possible,  the  quant  ities  ArT  and  A,T  are  varied.  With  a  small 
deviation  of  them  from  the  Initial  values  one  cannot  make  the 
conversion  of  q  and  Ttjr. 


t  >1. 


4.  The  required  dimensions  of  the  flow-through  sections  of  the 
coolant  tract  is  .calculated  according  to  formula  (20.21)  or  (20.22). 
The  possibility  of  the  design  and  technological  fulfillment  of  such 

a  channel  are  determined,  and  if  necessary,  corrections  are  introduced. 
The  rates  of  the  coolant  are  determined. 

5.  After  the  shaping  of  the  channel  taking  into  account  the 
structural  and  technological  requirements  the  accepted  values 
are  checked.  To  do  this,  the  values  a»  and  a, ,  are  determined 
according  to  formula  (20.11)  or  (20.13)  -  the  values  asp  and  ftp.  - 
based  on  experimental  data  and  then  the  temperatures  of  the  wall 
on  the  coolant  side: 

+  —  —  (condition  A,  bubble  boiling); 

+  (part  of  conditions  A,  condition  B); 

(conditions  C  and  D). 

a* 

Further  on,  the  temperature  of  the  wall  on  the  gas  side  is 
calculated 


Usually,  there  is  adequate  agreement  of  the  prescribed  and 
obtained  values  to  within  several  percent.  With  large  discrepancies 
a  conversion  is  made. 

6.  The  losses  in  pressure  in  the  coolant  tract  are  determined 
and  their  acceptability  is  evaluated. 

If  under  any  conditions  of  reliability,  the  external 
regenerative  cooling  is  not  performed  using  all  the  possible  variants 
of  the  scheme,  then  this  is  proof  of  its  Inadequacy  and  need  for  the 
utilization  of  additional  internal  cooling  or  other  means  of 

shleldlng. 
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20.3.  Internal  Cooling 

Let  us  briefly  describe  the  methods  of  Internal  cooling  of 
chamber  walls  presented  in  Table  20.1. 

Creation  of  the  Near-Wall  Layer 

The  near-wall  layer,  consisting  of  low-temperature  combustion 
products,  can  be  created  with  the  aid  of  head  whose  peripheral 
sprayers  provide  a  substantial  surplus  of  one  of  the  components, 
for  example,  the  fuel  near  the  chamber  walls.  The  boundary  layer 
becomes  much  colder  than  with  the  uniform  distribution  of  the  fuel 
components  with  k  ■  tc  .  As  a  result,  the  specific  thermal  flows, 
which  should  be  determined  according  to  methods,  described  in  Chapter 
XIV  when  <  •<  ,  are  reduced.  The  shielding  action  of  the  near-wall 

layer  in  case  of  fuel  excess  amounts  to,  furthermore,  the  creation 
of  a  reducing  medium  at  the  chamber  walls. 

~n  connection  with  this  the  processes  of  radial  mixing  of  the 
fuel  components  proceeds  relatively  slowly,  and  with  the  proper 
alignment  of  the  near-wall  layer,  its  shielding  action  can  be 
maintained  up  to  the  critical  cross  section  of  the  nozzle. 

The  creation  of  the  near-wall  layer  with  <  •<  somewhat  lowers 

C  T 

the  specific  thrust  as  compared  to  the  case  where  all  of  the  fuel 
is  used  when  tc  ■  tcfl.  This  decrease  can  be  evaluated,  using  a  model 
of  two-layered  flow  (S  11.3).  Based  on  formula  (11.33)  the  specific 
thrust  in  a  vacuum  for  the  diagram  k  with  a  near-wall  layer  amounts 
to 


(by  index  2  it  is  noted  that  the  quantity  relates  to  a  case  of  a 
two-zone  diagram  *).  If  the  near-wall  layer  is  not  produced,  then 
value  p.  is  equal  to 


b20 


Assuming  that  the  perfection  of  the  remaining  processes  In  both 
cases  is  the  same  it  is  possible  to  write  the  coefficient  of  losses 

as 


r* 


Pyt.n.u 


Vwr  \ 
Pyt.tt.t  / 


(20.29) 


where  t>P1M=P1xa„  — P1taj  —  decrease  in  the  specific  thrust  in  a  vacuum 
with  two-zone  distribution  of  the  fuel  components  (nucleus  and 
near-wall  layer). 


The  dependence  (20.29)  is  depicted  in  Fig.  20.9.  As  it  appears, 
the  lowering  of  specific  thrust,  governed  by  the  alignment  of  the 
near-wall  layer,  depends  on  the  value  of  relative  fuel  consumption 
in  the  near-wall  layer  g,  and  the  quantities  *V«  The 

L  T 

latter  one  is  determined  by  the  relationship  of  excess  oxidizer  ratio 
in  the  near-wall  layer  as  well  as  in  the  nucleus  of  flow.  The 
reduction  of  Pwn  can  amount  to  several  percent.  This  is  the  price  of 
shielding  the  chamber  walls  by  the  method  of  an  aligned  near-wall 
layer  with  the  aid  of  peripheral  sprayers .  The  lowering  of  pw 
is  especially  significant  for  engines  of  small  thrust,  which,  as 
shown  in  the  previous  paragraph,  is  not  sufficient  for  external 
regenerative  cooling. 


Fig.  20.9.  Losses  in  specific  thrust  with 
the  creation  of  a  near-wall  layer. 
[Translator's  note:  ct  ■  wall;  ya.n.cT  =* 
specific  flow  at  the  wall;  yfl.nn  »  specific 
flow  of  nucleus. ] 
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Film  Cooling 

With  this  method  of  shielding  the  attempt  is  made  to  create  a 
stable  film  of  coolant  on  the  fire  side  of  the  chamber  wall  evenly 
around  the  perimeter.  In  order  to  increase  the  stability  of  the 


I'l  im,  a  centrifugal  ( tangent  I  a  '  )  feed  of  the  coolant  La  supplied 
through  special  slrls  f  r  aporl  urea  In  the  cooling  zone.  The  zones 
can  be  located  In  the  various  sections. 

By  film  cooling  with  a  liquid  coolant  using  a  subcnitical 
pressure,  a  part  of  the  heat  from  working  medium  is  expended  to 
increase  the  temperature  of  the  coolant  higher  than  the  critical 
and  its  subsequent  vaporization.  As  a  result  of  vaporization  the  film 
gradually  is  reduced,  and  then  it  disappears.  At  a  certain  distance 
after  complete  vaporization  a  layer  of  vapor  of  the  coolant  is 
retained.  As  a  coolant  one  could  use  a  fuel  component  (usually,  a 
combustible  component)  or  a  special  liquid  with  favorable  properties. 
The  shielding  action  of  the  film  cooling  consists  of  the  lowering 
of  the  specific  convective  thermal  flow  owing  to  the  reduction  in  the 
difference  of  temperatures  in  the  boundary  layer,  in  the  lowering 
of  specific  radiant  heat  flow  (the  liquid  film  is  a  good  insulator 
against  thermal  radiation)  and  also  in  the  creation  of  a  wall  of 
reducing  or  neutral  medium.  Furthermore,  the  film  protects  the  walls 
against  erosion  pressure  of  the  gas  flow. 

The  shielding  effect  of  the  liquid  film  is  manifested  even  at 
very  small  thicknesses.  An  excessive  increase  in  the  thickness  of 
the  film  leads  to  an  appearance  of  waves  on  the  surface  of  the  film, 
and  then,  possibility  of  break-away  of  the  particles  of  the  liquid 
("drop  removal"  from  the  surface).  The  consequence  of  this  is  the 
useless  consumption  of  liquid  and  even  an  Increase  in  the  overall 
heat  flows  tc  the  film  due  to  the  Increase  In  its  surface. 

The  consumption  of  the  coolant  for  film  cooling  can  constitute 
from  0.5  to  5?  of  the  overall  consumption  of  the  fuel.  With  such 
small  consumptions  It  is  difficult  to  guarantee  a  uniform  stable 
protective  film  of  the  necessary  length  around  the  perimeter.  As 
yet,  the  necessary  length  of  the  protective  film  is  determined 
experimentally,  by  varying  the  injection  pressure,  the  sizes  and 
arrangement,  c.f  the  apertures  in  the  zones  <r  slots  of  fuel  feed, 


Degree  of  lowering  the  specific  thermal  flows  in  sections 
of  film  cooling  can  attain  50-70%.  Characteristic  is  the  stabiliza¬ 
tion  of  heat  flows,  beginning  from  a  certain  value  of  relative  liquid 
consumption,  introduced  to  create  the  film: 


where  Gan  and  G *  —  consumptions  in  seconds  through  zones  of  film 
cooling  and  the  sum  total  (through  the  head  and  zone),  respectively, 
i.e. : 

Gi  “  Gron  +  Gnn. 

Fundamental  deficiency  of  film  cooling  is  the  loss  in  specific 
thrust,  in  association  with  ineffectual  (in  the  sense  of  creating 
thrust)  by  utilization  of  the  coolant. 

The  quantitative  evaluation  of  the  losses  of  specific  thrust, 
associated  with  film  cooling  presents  considerable  difficulties. 
Noted  below  are  methods,  providing  only  a  rough  evaluation  of  the 
limiting  values  of  losses  of  specific  thrust  using  film  cooling. 

1.  The  substance  of  the  film  does  not  interact  with  the 
basic  flow  and  does  not  participate  in  the  creation  of  thrust. 

The  ratio  of  values  of  specific  thrusts  in  a  vacuum  in  this 
instance  can  be  written  so: 

__  ^■/(droj  +  Ont) _ 

f>T>. o"  PJOro, 

where  ^TUl  quantity  of  specific  thrust  in  the  absence  of  film 
cooling. 
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The  coefficient  of  the  lowering  of  specific  thrust  amounts  to 


Pyn.nO  ~  P 


jrfl.n 


JTJl-nO 


=  £n 


(20.30) 


2.  The  substance  of  the  film  absorbs  heat  Q_,  from' the  basic 
-  nn 

flow  and  takes  part  in  the  creation  of  thrust.  In  the  nozzle  there 
is  two-layered  flow. 


In  accordance  with  formula  (of  20.29)  the  coefficient  of  the 
lowering  of  specific  thrust  in  this  instance  amounts  to 

(20-31) 

The  amount  of  specific  thrust  in  a  vacuum  Pyn.n. nn  for  the 
substance  of  the  film  is  determined  by  thermodynamic  design  using 
known  amounts  of  pK*,  pK*/Pc-  The  value  of  full  enthalpy  of  the  film  in 
this  case  is  equal  to 


/«=/„+<?„,.  (20.32) 

where  full  enthalpy  of  the  film  under  conditions  of  supply;  Qnjl  — 

quantity  of  heat,  absorbed  by  the  film  from  the  basic  flow. 

In  an  analogous  way  the  specific  thrust  in  a  vacuum  of  the  basic 
fuel  is  determined.  The  change  value  of  its  full  enthalpy  is  equal 
to : 


A=/t-QmT^-.  (20.33) 

The  effect  of  the  change  in  full  enthalpy  of  the  film  and  of 
fuels  for  quantities  of  specific  thrusts  in  a  vacuum  Pyn.nDJI  and  Prnn0 
can  be  also  evaluated  according  to  the  formula  of  extrapolation. 

3.  The  substance  of  the  film  completely  mixes  with  the  nucleus 
of  flow. 
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The  changing  composition  of  fuel  is  determined  by  the  formula 
in  Chapter  V,  and  the  new  value  of  enthalpy  of  the  fuel  in  this 
instance  is  equal  to 

/T  — (1 — Sm^riA' 

The  thermodynamic  calculation,  made  at  known  values  of  /T',  p„\ 
pv*lpc,  allows  one  to  find  the  changed  value  of  specific  thrust  in  a 
vacuum,  and  consequently,  the  coefficient  Inn. 

If  we  ignore  the  change  in  composition  of  the  fuel,  then  one 
can  use  the  formula  of  extrapolation. 

Then,  the  change  in  full  enthalpy  of  the  fuel  amounts  to 

(20.3*0 
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By  extrapolating  approximately  according  to  formula  (9-50),  we 
will  obtain: 

, .  Kfh 

PyM)  2  (/*  —  / c) 

or,  by  substituting  the  expression  (20.3*0: 

p  Kn»U iui  A.)(l —  _  ) 

-  J*  _ |  I  _ V  1 K/ 

PjA  o  2  </„-/c) 

Here,  Pyn  and  Pyn0  —  theoretical  values  of  specific  thrust  in  the 
presence  of  film  cooling  and  without  one. 

The  coefficient  of  the  lowering  of  specifc  thrust  amounts  to 

,  ~^ih  r<  !*  ~  (20.35) 

nj  2  l  tJ  /„-/c 
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Coefficient  of'  specific  thrust  efficiency  is  determined 
according  to  the  usual  formula 

<Phji  ~  1 — inn- 

When  calculating  the  chamber  value  of  the  coefficient  q>n „  one 
must  introduce  the  overall  specific  thrust  efficiency  <Pya. 

When  deriving  formulas  (20,30)  and  (20.35)>  it  was  assumed  that 
the  products  of  vaporization  of  the  film  take  part  in  the  process  of 
expansion  with  maximum  possible  degree  of  reduction  of  pressure 
pH*lpc-  This  corresponds  to  a  case  of  introducing  the  film  in  the 
combustion  chamber.  Frequently,  however,  the  film  is  introduced  in 
front  of  the  critical  section  of  the  nozzle,  highly  demanded  in 
heat  shielding.  In  this  case  the  work  of  expansion  of  the  vapors 
of  the  coolant  is  reduced,  and  the  losses  in  specific  thrust 
increased . 

With  identical  parameters  of  the  working  processes,  the  loss 
in  specific  thrust  as  a  result  of  film  cooling,  should  be  more 
significant  in  the  chambers  of  small  thrusts.  Surface  of  the  chamber 
is  reduced  more  slowly,  than  the  thrust;  therefore,  in  order  to 
create  film  cooling  of  equal  efficiency  in  small  chamber  the 
largest  relative  liquid  consumption  gn^  will  be  required. 

In  Fig.  20.10  a  continuous  line  shows  the  calculated  dependence 
cf  losses  in  specific  thrust  using  film  cooling,  on  the  relative 
consumption  gp^.  The  value  U.i  was  calculated  according  to  formula 
(20.30).  There,  the  plotted  experimental  data  was  obtained  using 
film  cooling  of  the  chamber  of  the  engine  with  various  coolants. 

As  it  appears,  the  dependence  (20.30)  satisfactorily  agrees  In  this 
instance  with  the  results  of  the  experiment  [6], 
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Fig.  20.10.  Dependence  of  the  losses 
of  specific  thrust  on  the  relative 
consumption  for  film  cooling. 

[Translator’s  note:  n*  -  film.] 


Porous  Cooling 

Porous  cooling  Is  developed  using  a  film.  Using  this  method  of 
heat  shielding  the  Internal  wall  of  chamoer  or  part  of  it,  if  porous 
cooling  Is  applied  In  a  specified  section  of  the  chamber.  Is  made 
of  fine  porous  material  whose  pores  have  a  diameter  of  several  tens 
of  microns.  The  porous  material  Is  usually  obtained  by  sintering  the 
powders  of  metals,  or  by  pressing  metallic  mesh.  In  this  case,  one 
strives  to  obtain  a  material  whose  micropores  are  evenly  distributed, 
and  whose  quantity  per  unit  area  Is  large. 

The  shielding  action  of  porous  coaling  Is  analogous  to  a  film. 
The  liquid  coolant  In  the  pores  are  forced  out  at  a  low  velocity 
to  the  fire  surface  of  the  wall,  create  a  shielding  protective  film, 
reducing  the  specific  thermal  flow  In  the  wall. 


At  a  certain  critical  value  of  consumption  of  the  liquid  coolant, 
the  temperature  of  the  wall  ceases  to  be  equal  to  the  boiling  point 
of  the  liquid  at  the  given  pressure.  Under  a  condition  of  critical 
consumption,  the  Internal  wall  protects  Itself  by  a  continuous  film 
of  the  liquid.  With  the  lowering  of  the  consumption,  the  liquid 
partially  vaporizes.  In  connection  with  less  efficient  protection 
by  the  vapor  film,  the  temperature  of  wall  rises;  however,  it 
remains  below  the  permissible. 
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In  principle,  it  is  feasible,  and  when  using  coolants  as 
and  NH^  it  is  also  rational  to  vaporize  the  liquid  coolant  on  the 
external  surface  of  the  wall  and  to  blast  the  cooled  vapor  into  the 
boundary  layer  along  the  internal  wall.  This  provides  large 
uniformity  for  cooling  the  surface. 

Quantitative  relationships  between  consumption  of  the  coolant 
and  the  lowering  of  specific  heat  flows  depend  on  the  properties  of 
the  coolant,  on  the  material  of  the  wall  and  on  the  parameters  of 
gas  flow.  In  general,  consumption  of  the  coolant  using  porous 
cooling  is  3-5  times  less,  than  using  a  film  that  it  is  governed  by 
low  input  rates  of  the  coolant  and  by  uniform  cooling  of  the  surface. 
Economic  benefits  of  porous  cooling  Increase  with  a  steep  temperature 
gradient  (fr— few). 

However,  when  using  porous  cooling,  there  are  a  number  of 
difficulties.  Thus,  the  diameter  of  the  microscopic  pores  are 
unequal  and  with  Insignificant  changes  in  pressure,  the  flow  of 
coolant  becomes  uneven,  because  the  pores  are  easily  plugged  up. 

Wall  on  the  coolant  side  is  cold,  and  on  the  fire  side,  is  heated  to 
a  high  temperature;  as  a  result  of  this,  considerable  thermal 
stresses  arise  in  the  wall. 

Despite  these  mentioned  difficulties,  porous  coolings  is  the 
most  promising  and  is  also  almost  singularly  suitable  for  cooling 
engines  with  very  high  specific  thermal  flows  in  the  wall  chambers. 

In  the  future  this  method  can  be  applied  to  heavy  single-chamber 
ZhRDs  on  high  energy  fuels  with  a  high  pressure  pM ,  and  likewise  in 
thermal  nuclear  rocket  engines. 

20.4.  Combined  Systems  of  Wall  Shielding 

In  the  chambers  of  modern  ZhRDs,  very  frequently  there  are 
combined  systems  of  wall  shielding,  which  are  represented  by  a 
combination  two  or  more  methods  of  heat  shielding.  Combined  systems 
are  used  in  those  cases  when  neither  of  the  examined  systems 
individually  provides  the  necessary  resource  for  the  chamber,  or  if 
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it  causes  excessive  high  cost  in  weight  and  complications  of  the 
system  or  causes  a  substantial  lowering  of  the  economy. 

Most  extensively  used  is  the  combination  of  external  regenerative 
cooling  with  internal  cooling.  The  latter  is  used  in  the  form  of  a 
shielding  zone,  created  by  the  head,  or  in  the  form  of  film  cooling. 
Separately  in  heavy  chambers  based  on  the  thermal  intensity  of  the 
variants  both  mentioned  types  of  internal  cooling  can  be  applied 
simultaneously . 

In  the  presence  of  well  treated  porous  material  it  is  expedient 
to  apply  porous  inserts  in  sections  of  the  maximum  thermal  flows. 

In  engines  of  small  thrust  even  the  utilization  of  both  components 
may  not  guarantee  the  necessary  cooling.  In  this  Instance  it  is 
in  the  best  Interest  to  utilize  the  combined  system  of  film  and 
radiation  cooling  (see  Chapter  XXVI). 

For  engines,  which  have  a  large  degree  of  pressure  reduction  in 
the  nozzle,  the  part  of  the  nozzl^diith  low  temperatures  cf  the  gas 
can  be  left  without  liquid  coolV*ig,  restricting  the  radiant 
heat-transfer  into  the  surrounding  medium.  Figure  20.11  presents 
the  dependence  of  minimum  relative  area  of  a  molybdenum  rozzle, 
at  the  start  of  which,  the  enlarging  section  of  the  nozzle  can  cool 
only  due  to  radiation  (thrust  of  engine  —  4.5  T,  radiating  capacity 
of  the  wall  -  c  ■  0.9). 

There  is  application  for  a  combination  of  external  cooling  with 
shielding  of  the  fire  surface  by  thermoresistant  coatings,  as  well  as 
by  ablating  coatings. 

The  combination  of  film  cooling  with  ablating  coatings  reduces 
the  rate  of  phase  transformations  in  the  surfacial  layer  of  the 
coatings,  and  correspondingly,  reduces  the  rate  of  the  removal  of 
the  coating  material. 
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Fig.  20.11.  Lower  limit  of  values 
of  the  relative  area  of  a  molyb¬ 
denum  nozzle,  at  the  start  of 
which  there  is  sufficient  radiant 
cooling  of  the  surface  [8]:  fuel 

fuel  /— Hr+Fi;  J-B.H.+OF,;  J-Hj+Oi;  4-  <«%  N,H,+50% 

NDMG )  +  N201j. 


The  utilization  of  new  high  calorie  fuels  and  need  for  increasing 
the  resource  of  ZhRDs  pose  new  raised  requirements  for  systems  of 
shielding  chamber  walls.  The  perfection  of  these  systems  goes  hand 
in  hand  with  the  search  for  new  high-quality  material  and  expedient 
structural  schemes  of  external  and  internal  cooling. 
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CHAPTER  XII 

SELECTION  OP  OPT  I  NUN  PARAMETVH8 

In  this  ohapter  th*  bun  of  th*  rational  ••loot Ion  of  a  fuel , 
of  alsaa  and  of  parameters  of  tha  combustion  chamber  and  of  noxtles 
for  liquid-fuel  rocktt  engine  aro  examined. 

21.1.  Criterion  of  tho  Ss  loot  ion  of 
Optimum  Parameters 


Roekot  origins*,  specifically  llquld-fuol  rookot  onglnos,  In 
■any  lnatanoos  aro  projected  from  an  actual  dovlce.  This  means 
allows  for  tho  maximum  eorrolatlon  of  tho  paramotors^pf^Uie  engine 
and  of  tho  apparatus,  thoro  by  obtaining  th*  ovorall  optimum  solution 
for  tho  ontlro  dovlco.  As  optimum  parameters  of  th*  engine  one 
should  take  into  account  those  values,  which  provide  the  best 
technical-economic  Indexes  of  th*  developed  complex. 

Por  th*  sake  of  simplicity  of  an  analysis  let  uo  assume  that 
th*  optimisation  of  these  Indexes  Is  equivalent  to  the  optimization 
of  th*  most  important  index  of  the  apparatus  -  the  velocity,  attained 
at  the  moment  of  termination  of  engine  operation. 

Die  terminal  velocity  of  the  apparatus  can  be  determined  by 
the  equation 


V'. 


(21.1) 
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Her*  ..  -  spool ric  thrust  of  ths  engine,  the  •  verse*  for  the 

Jr  m  *  II 

trajectory  of  the  flight. 

The  decrease  In  velocity  of  flight  owing  to  gravitation  aaounts 
to 

r, 

iMtftff,  (21.2) 

where  6  -  angle  of  the  slope  of  the  trajectory  of  flight  to  the 
horlton;  g  -  acceleration  of  the  force  of  gravity,  changing  with  the 
altitude  of  the  flight. 

Value  g  at  various  altitudes  Is  determined  according  to  the 
equation 


2 

where  gQ  ■  9 .  £l  m/s  -  acceleration  of  the  force  of  gravity  on  the 
earth's  surface;  R(  ■  6371  km  -  radius  of  the  earth;  H  -  altitude 
of  the  flight  in  km. 

Por  vertical  flight  one  can  write 

w,„ (21.4) 
where  g  -  acceleration  of  the  force  of  gravity,  average  over  time 


The  deceleration  as  governed  by  the  resistance  of  the  medium, 
is  determined  by  the  aerodynamic  calculation. 


I 
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As  shown  from  the  calculation,  the  relative  values  of  tn» 
decrease  In  velocity  of  flight,  6V  ,/\/  and  AV  /'/  an  a  rtrst 

3*T  MA  4tU  ^A 

app  ro»l mat  loo,  depend  only  on  the  Initial  tnrust  -welgnt  ratio  of 

the  apparatus 


where  PQ  -  starting  thrust,  and  aQ  -  starling  weight  of  th* 
apparatus. 

Figure  21.1  shows  the  typical  character  of  the  dependence  of 
the  relative  loasee  of  velocity  on  the  initial  thrust-weight  ratio. 
The  effect  of  the  aerodynamic  resistance  for  heavy  rockets  is 
small  in  coaparlaon  to  the  effect  of  the  weight. 


Fig.  21.1.  Dependence  of  the  relative 
looses  In  velocity  on  the  Initial 
thrust-weight  ratio. 
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then  the  terminal  velocity  can  be  written  In  the  following  manner: 

V*  =  V„- c 3 T VM  ~C'CVna=(\-c31-ctx)VM.  (2 1.6) 
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With  the  comparative  evaluation  of  the  various  designed  variants 
of  the  apparatus  of  a  specific  purpose  with  a:i  assigned  value  b^,  it 
is  possible  to  consider  c  *  const  and  c  *  const.  Then,  on 

3  •  T  cl  •  C 

the  basis  of  equation  (21.6),  the  ratio  of  the  terminal  velocities 
of  the  apparatus  compared  to  variant  1  and  2  will  be  equal  to  the 
ratio  of  ideal  velocities 

(21.7) 

v,,  vmki 

Consequently,  the  best  variant  of  the  apparatus  can  be  pre¬ 
liminarily  selected,  by  comparing  not  the  terminal  velocities  of 
flight,  but  more  simply,  the  determined  ideal  velocities. 

As  criterion  of  the  efficiency  of  rocket  apparatuses  one  could 
likewise  use  the  ratio  of  sum  total  pulse  to  the  starting  weight  of 
the  apparatus  I^/G^.  Let  us  show  that  the  use  of  this  value  a3  the 
criterion  of  efficiency  is  equal  to  the  use  V  .  Since 

Mfl 

then 


_  jy  2l 
0# 


(21.8) 


or,  to  convert  to  the  mass  number  of  the  rocket  apparatus  p  : 

K 


(21.9) 


By  comparing  expressions  (21.1)  and  (21.9),  we  are  convinced 

that  the  quantities  and  I^/Gq  car*  determine  the  same  factors 

(P  and  p  )  and  they  depend  on  them  equally  (they  increase  with 

y  n • mB  k 

ail  increase  in  Pyfl  flB  and  pk).  Consequently,  and  I^/Gq  can  be 
useu  as  criteria  of  efficiency  of  rocket  systems  with  equal  reason. 
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As  can  be  seen  from  equation  (21.9),  when  u  »  i_/G-  -►  F 

K  L  u  yzu  HB 

Consequently,  with  the  theoretical  limit  I£/Q0  using  the  prescribed 
fuel  there  is  an  average  specific  thrust  of  the  engine  P 

ya./iB 

Degree  of  the  approximation  I£/00  to  PyjUAB  defines  the  effectiveness 
of  the  specified  rocket  apparatus. 

In  the  design  of  the  engine  it  is  Important  to  select  fuel 
components  and  the  ratio  between  them,  the  pressure  in  the  combustion 
chamber  even  on  exit  from  the  noszle.  In  the  selection  we  will 
consider  the  fuel  and  the  mentioned  parameters  of  the  engine  as 
optimum,  if  they  provide  maximum  jlues  of  VMfl  or  I£/Qq  to  an 
apparatus  of  a  definite  type. 

21.2.  Selection  of  the  Fuel  and  the 
Excess  Oxidizer  Ratio 

The  most  efficient  fuel  of  the  several  that  are  suitable,  let 
us  say,  based  on  operational  characteristics,  can  be  selected  by 
applying  the  method  of  evaluation  of  the  fuel  on  VMA,  presented  in 
Chapter  IV. 

For  every  fuel  vapor  (combustible  ♦  oxidizer)  it  is  necessary 
to  evaluate  the  change  of  V  depending  on  t&e  excess  oxidizer  ratio 
a.  This  is  done  with  the  aid  of  equation  (4.16),  in  which  PyA  and 
p_  depend  on  a,  and  quantity  o  can  be  considered  constant. 

Figure  21.2  shows  density  variation  in  certain  fuels  depending 
on  a,  calculated  in  formula  (5.22).  Usually  pQK  >  pp;  therefore, 
with  an  Increase  of  a,  the  density  of  the  fuel  increases.  The 
dependence  of  specific  thrust  on  a  is  presented  in  Fig.  21.3  for 
these  fuels.  Using  the  dependence  PyA>n  ■  f(«)  and  pT  •  f(o),  we 
will  obtain  the  change  VMJ|  for  a  (Fig.  21.4). 

Prom  the  comparison  of  graphs  21.3  and  21.4,  the  following 
conclusions  can  be  made.  Maxima  of  V,  are  observed  for  all  fuels 
at  values  of  a,  greater  than  those,  at  which  the  maximum  specific 
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thrust  is  attained-  The  difference  between  a  (V  )  and  a 

ns  max' 

Pyfl.n  max  13  C  ased  the  character  of  change  pT  based  on  't.  This 

difference  is  greater,  the  greater  the  difference  between  p  and  p 
_  ok  Kr 

is.  The  coi.it Mmtive  evaluation  of  the  fuel  based  on  V  can  eive 

as  this  10  evident,  substantially  different  results  than  the 

evaluation  for  specific  thrust 


«T 


Pig.  21.2. 


Py&n 


Pig.  21.3. 


Fig.  21.2.  Dependence  of  the  density  of 
the  fuel  on  a:  1  -  liquid  hydrogen  + 

+  liquid  oxygen;  2  -  kerosene  +  liquid 
oxygen;  3  -  asymmetrical  dime thy lhydra- 
zine  +  nitrogen  tetroxide;  4  -  liquid  hy¬ 
drogen  +  liquid  fluorine. 


Fig.  21.3.  Dependence  of  the  specific 
thrust  in  a  vacuum  on  a  (designation  for 
Fig.  21.2):  p«/pn  -  160. 


Fig.  21.4.  Dependence  of  the  ideal  veloc¬ 
ity  on  o  (designations  in  Fig.  21.2). 


» 
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As  was  shown  in  Chapter  IV  the  value  V  is  proportional  to 
work  Pyfl«p°  in  which  the  index  c  is  determined  depending  on  the 
variant  of  the  design  according  to  formula  (4.23)  or  (4.32).  The 
selection  of  an  optimum  fuel  and  an  optimum  a  is  conveniently  done 
on  charts  wltk  coordinates  In  Py^  n  and  In  pT  (Figs.  21.5  and  21.6). 
In  them  the  lines  of  constant  values  P„„  *P$  are  straight  lines, 

the  slope  of  which  is  determined  by  angular  coefficient  c.  For  each 
value  of  c,  it  is  possible  to  construct  a  family  of  parallel 
lines  (the  slope  of  the  straight  lines  at  various  c  is  shown  on 
the  graphs.  The  displacement  of  the  straight  line  to  the  right,  to 
the  side  of  larger  p  ,  signifies  an  increase  in  the  quantity 
Pyfl  n’PT  and  consequently,  an  increase  in  the  ideal  velocity.  In 
this  way  the  maximum  for  the  specified  fuel  corresponds  to  value 
tangent  to  curve  In  Pyfl  n  =  f(ln  pT).  The  point  of  contact 
determines  the  optimum  value  <(a).  by  comparing  the  maximum  values 
of  for  different  fuels,  the  most  effective  fuel  can  be 
selected. 


fuel;  P  *  21  bar  for  NH^  +  F2  and  H2  +  02; 
p*  »  bar  for  the  reamining  ones;  f  =  10. 
[Translator's  note:  HepocuH  =  Kerosene]. 
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1, to  1,12  V>  VS  VS  1,20  1,22  W  1,26  t,2S  1,301,22  1, 36  1,361,3! 

Fig.  21.6.  Diagram  Pyfl  n  »  f(pT)  for 
stable  fuels:  p#  =  35  bar;  f  =  10. 

IV  L 

[Translator's  note:  H^Mr  =  NDMG  = 
asymmetrical  dimethylhydrazine ] . 

It  is  necessary  to  note  that  the  presented  analysis  allows  one 
to  compare  fuels  only  based  on  one  index.  In  a  practical  case,  in 
order  to  select  a  fuel  one  must  consider  the  economic  factors.  They 
are  determined  by  the  cost  of  the  fuel,  by  cost  of  the  development  of 
the  engines  on  which  this  or  some  other  fuel  runs,  by  the  cost  of 
the  transport  of  the  fuel,  of  the  operation  of  the  rocket  compex  on 
which  this  or  some  other  fuel  operates,  the  starting  procedure,  and 
so  forth.  The  reliability  and  capability  of  creating  a  rocket 
complex  over  suitable  periods  of  time  likewise  will  depend  upon  the 
fuel,  and  doubtlessly,  when  selecting  the  fuel  one  must  consider  such 
factors,  as  Improving  the  fuels,  presence  and  scales  of  its  production 
experimental  work  with  the  fuel,  and  others. 

21.3.  Selection  of  Pressure  in  the 
Combustion  Chamber 

When  selecting  the  pressure  in  the  combustion  chamber  as 
criterion  of  the  optimum,  one  can  use  the  parameter  I^/Gq.  The 
optimum  pressure,  p#  QnT  corresponds  to  maximum  I^/Gq.  Let  us  write 


down  the  last  quantity  In  the  form 


!±^P  &. 

at  H"  *o0  • 

The  specific  thrust  of  the  engine,  in  general,  can  be  written: 


where  P  -  specific  thrust  of  the  chamber;  e  -  relative  consumption 

Jr  M 

of  the  fuel,  spent  in  the  auxiliary  systems  sometimes  e  *  0). 


The  weight  of  the  fuel  aboard  the  apparatus  amounts  to 


G‘,  *=  Go — GK| — Gh  j. 


(21.10) 


where  QQ  -  complete  weight  of  the  apparatus;  °K1  -  part  of  the  final 
weight  of  apparatus.  Independent  of  pressure  p*  (including,  useful 
load);  Gk2  -  part  of  the  final  weight  of  the  apparatus,  depending  on 


pressure  p».  Hence 


Oq  1  +  •  \  Go  (it i  / 


(21.11) 


Let  us  designate 


Pj^—f lip*)*  * — /tip*)' 
^/(riJ-eosst.  Gf=f3(ply 


(21.12) 


whereupon 


(21.13) 
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If  the  dependence  (21.12)  la  provided  analytically  (for 
standard  projects  semi-empirical  relationships  are  used),  then 
expression  (21.13)  can  be  differentiated  according  to  pK*  for  detect¬ 
ing  the  maximum  Ij./Oq. 

The  dependence  P  on  p  *  is  determined  by  the  type  of  basic 
y  a  k 

fuel;  the  dependence  c  ■  ”  by  the  type  of  auxillary  fuel*  and 

likewise,  by  the  type  and  by  the  degree  of  perfection  of  system  of 
gas  generation  or  fuel-supply  of  the  working  system  medium  from  the 
storage  battery  potential.  The  dependence  of  weight  Gk2  is  determined 
mainly,  by  the  structural  scheme  of  the  engine  device  and  material 
used.  Basic  portion  of  the  weight  of  Gk2  constitutes  the  weight  of 
the  means  of  fuel  supply,  including  the  tanks.  Dependence  of  the 
weight  of  the  means  of  fuel  supply  on  p*  is  different  for  a  turbo- 
pump  and  pressurized  fuel  supply.  For  the  latter,  the  weight  of  the 
gas  generator  or  of  storage  battery  potential,  of  loaded  fuel  tanks 
and  main  fuel  lines  increases  with  an  increase  in  p  *  much  more 
intensively  than  in  the  case  of  pump  feed. 

The  weight  of  the  chamber  of  the  engine  included  in  the  value 
Gk2  changes  only  slightly.  With  a  constant  weight  of  elements  of 
steel  framework  of  the  chamber,  the  weight  of  the  combustion  chamber 
is  reduced  somewhat  with  an  increase  in  p  *,  mainly,  owing  to  the 
reduction  in  the  weight  of  the  head  (diameter  of  the  combustion 
chamber  with  a  specified  thrust  P  and  with  an  increase  in  p  *  is 
reduced,  but  the  walls  are  thickened). 

In  all  cases  the  weight  increase  in  Gk2  results  in  a  reduction 
in  the  relative  content  fuel  GT/Go>  and  consequently,  in  a  reduction 
in  the  sum  total  pulse  1^.  with  a  fixed  initial  weight  of  the  apparatus 
So,  the  relative  consumption  of  fuel  e  in  the  auxiliary  systems 
affects  IT.  The  increase  in  specific  thrust  with  an  increase  in  p  * 
results  in  an  increase  in  I£.  Ultimately,  at  a  certain  value  of 
PK*  the  maximum  I^/Gq  (Pig-  21.7)  is  discovered.  According  to  the 
degree  of  improvement  of  the  weight  characteristics  (var.  2  is 
better  based  on  weight  characteristics  than  var.  1)  the  position  of 
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maximum  Ij-/00  shifts  to  the  side  of  higher  p^*.  This  promotes  a 
reduction  in  the  relative  fuel  consumption  in  the  auxiliary  systems. 
Optimum  values  pK*  for  engines  with  a  turbopump  fuel  supply  are 
higher  than  for  engines  with  a  pressurized  supoly,  and  the  maxima  of 
the  dependence  of  Ij/Gq  ■  f(pK*)  are  more  gently  sloping. 


Go 


0 


Pxjboj  Puxn  pi 


Pig.  21.7.  Dependence  of  the  criterion  I^/Gq 

on  the  pressure  in  the  combustion  chamber  us¬ 
ing  pressurized  and  turbopump  fuel  supply. 


In  the  case  of  using  a  turbopump  fuel-supply  system  with  after¬ 
burning  of  the  working  medium  quantity  e  is  equal  to  zero  and  it 
follows  qualitatively  from  formula  (21.13),  the  maximum  I^/Gq  should 
be  displaced  in  range  of  higher  pressures  as  compared  to  the  case 
of  the  ejection  of  working  medium  of  the  turbine.  An  example  of 
the  results  of  a  test  by  the  choice  of  the  optimum  pressure  for  two 
noted  variants  is  shown  in  Fig.  21.8,  where  the  relative  net  load 

CL  Included  in  the  orbit  of  an  artificial  earth  satellite  is 
rp 

accepted  as  criterion. 


10  1*0  VO  UO  pi  bai* 


Pig.  21.8.  Dependence  of  relative  net 
load,  carried  in  orbit  by  the  artificial 
earth  satellite  at  an  altitude  of  550 
km,  on  the  pressure  in  the  combustion 
chamber:  1  -  liquid-fuel  rocket  engine 

with  afterburning  of  the  generator  gas; 

2  -  liquid-fuel  rocket  engine  without 
afterburning:  a)  nonadjustable  nozzle; 
b)  adjustable  according  to  the  height 
of  the  nozzle. 


Based  on  information  from  foreign  corresoondence ,  the  value  of 


p*  comprise:  with  turbopump  fuel  supply  about  70-100  bar  for 
K.onT 


IS  . 


of 


r- 


ld 


L 


an  open  schenie,  and  more  than  2UU  bar  for  engines  with  after¬ 
burning  of  the  generator  gas;  with  a  pressurized  fuel  supply  - 
approximately  20-30  bar. 

In  practice,  frequently  a  selection  of  values  of  p  #  <  p*  ^ 

K  K  •  o  n  T 

is  made  such,  in  order  that  it  is  possible  to  guarantee  the  reliable 
cooling  of  the  chamber.  Furthermore,  when  selecting  pressures  in 
the  combustion  chamber  of  a  designed  engine  one  takes  into  considera¬ 
tion,  of  course,  as  far  as  possible  the  produced  p*  to  the 

improved  pressure  level  in  modern  engines.  With  too  great  departure 
the  time  and  cost  of  perfecting  the  engine  with  a  high  reliability 
are  lengthened. 


Sometimes  the  ratio  of  the  sum  total  pulse  to  the  weight  of  the 
pulse  is  used  as  critrion  of  the  perfection  of  the  engine  system, 
i.e.,  excluding  the  fuel  weight  and  net  load.  One  can  consider  the 
following  values  of  this  criterion  as  attainable: 


Engine  device . 

prolong  storage  of  the  fuel . 

one  of  fuel  components  being 

low  boiling . 

both  fuel  components  being  low-boiling 

solid  fuel . 


1300-2100 

5000-9000 

3000-4000 

2000-2300 


21.4.  Selection  of  Parameters  of  the  Cross-Section 

of  the  Nozzles 


The  selection  of  parameters  of  the  cross-section  of  the  nozzles 

means  the  selection  of  the  optimum  outlet  pressure  from  nozzle  p 

*c.onT 

which  can  provide  the  maximum  terminal  or  ideal  velocity  of 
apparatus  under  other  specified  conditions. 

A  change  in  pc  causes  a  change  in  the  sizes  of  the  nozzle:  with 

a  reduction  in  pt  outlet  area  f  increases,  and  at  a  constant  angle 
0  c 

of  expansion  -  and  length  of  the  nozzle.  Ultimately,  the  weight  of 
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the  nozzle  constitutes  a  small  fraction  of  the  final  weight  of 
the  apparatus,  then  an  increase  in  this  weight  can  be,  as  a  first 
approximation,  ignored  and  the  final  weight  of  the  apparatus  G  can 

K 

be  considered  as  constant  with  various  variants  of  nozzles.  With 
a  prescribed  GQ  ■  const,  consequently,  the  constant  and  the  quantity 
0n/Q  are  maintained.  Then,  maximum  ideal  velocity  V  will 

v  K 

correspond  to  the  maximum  average  specific  thrust  P 

y 

Hence,  at  a  prescribed  value  of  pressure  p  *  in  the  combustion 

K 

chamber  one  should  select  such  a  value  of  p  ,  which  will  provide 

c 

Pyil  max*  For  nozzles  with  different  degrees  of  pressure  differential 

it  ■  p  */p  ,  the  value  P,,„  will  be  different  as  a  result  of  the 
c  k  c  ya 

different  value  of  losses  of  specific  thrust  under  uncalculated 
conditions  of  the  nozzle  .  The  minimum  losses  in  specific  thrust  for 
the  time  of  engine  operation  x_„_  will  correspond  to  the  maximum 

^  aKT 


It  is  possible  to  show  that  the  maximum  P  is  attained  when 

Jr  A 

(21.14) 


In  this  way,  the  determination  of  the  optimum  for  the 
trajectory  of  the  degree  of  pressure  differential  nc  onT  * 

•  (p  */p  )  ,  requires  the  dependences  H  *  f(x)  and  p  *  * 

K  C  OIIT  K 

the  powered  segment  of  the  flight  of  the  apparatus. 

In  the  particular  case  of  a  constant  pressure  in  the  combustion 
chamber  we  obtain  from  expression  (21.14) 


given 
f(x)  over 


r 


Ptftx 


Pt.ouj  t 

TMT 


(21.15) 


.HT  — 

where  the  value  j  P^hm—Pit  is  the  average  atmospheric  pressure  for 


the  trajectory  of  the  powered  segment  of  the  flight  based  on  the  time. 

For  aircraft  engines  the  continuous  functions  H  =  f(i)  and 
p  *  *  f(t)  are  lacking  in  connection  with  relative  indeterminate 
program  of  flight.  The  optimum  values  of  for  these  ehgines  must 

v 

be  selected  on  the  basis  of  information  of  certain  characteristic 
values  H  and  p  *  and  time  of  engine  operation  under  these  conditions. 
The  calculation  in  this  instance  can  be  the  simplified  formula 
(21.14): 


(21.16) 


where  (P^/PK*)^  -  the  ratio  of  pressures  to  the  i-th  characteristic 
condition  of  engine  operation;  t./t  -  relative  time  of  operation 

1  cLK  T 

to  the  i-th  condition. 


It  is  natural  that 


n 


Above,  the  methods  of  the  selection  of  n  in  a  simplified 

*c  .om 

case  of  the  absence  of  forces  of  gravity  weight  and  of  aerodynamic 

resistance  are  examined.  The  calculation  of  these  forces,  in  principle 

does  not  change  the  methods,  but  it  makes  the  calculations  more 

laborous.  A  comparative  picture  of  the  efficiency  of  different 

nozzles  changes  little.  Utilization  of  the  simplified  methods  is 

valid  even  when  allowing  for  the  fact  that  the  found  values  of  p 

*c  .om 

out  of  theoretical  considerations  more  frequently  include  corrections. 
Usually,  they  amount  to  a  certain  increase  in  the  calculated  value 
p„  *n  connection  with  the  following  considerations.  An  increase 
in  pc  corresponds  to  a  lowering  of  the  weight  of  the  nozzle  and  a 
reduction  in  its  sizes.  With  a  reduction  in  the  surface  of  the 
nozzle  the  function  of  cooling  it  is  facilitated,  and  hydraulic 
resistance  of  the  coolant  passage  Is  reduced.  In  the  nozzles  of 
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smaller  sizes  it  is  simpler  to  provide  the  necessary  strength  and 
rigidity.  The  maximum  of  the  dependence  uf  the  average  specific 
thrust  for  p  is  somewhat  gently  sloping;  therefore,  a  certain  increase 

w 

in  p  as  opposed  to  p  reduces  the  economy  only  slightly. 

L  V  •  vll  1 

• 

It  is  necessary  to  also  note  that  the  selection  of  the  optimum 
pressure  at  the  cross  section  of  the  nozzle,  i.e.,  the  selection  of 
the  area  of  its  outlet  section,  should  correlate  with  the  arrangement 
of  the  stern  part  of  flying  apparatus.  Investigations  show  that  the 
conditions  of  interaction  of  a  jet  stream  and  external  flow  are  sub¬ 
stantially  reflected  in  the  amount  of  ground  resistance  of  the 
apparatus.  The  problem  of  selecting  the  optimum  nozzle  for  the 
chamber  whose  operation  always  goes  on  in  a  vacuum,  stands  somewhat 
apart.  This  relates  to  the  chambers  of  the  last  stages  of  multistage 
rockets.  The  absence  of  forces  of  aerodynamic  resistance  for  such 
rockets  is  no  longer  an  assumption;  the  assumption  of  the  absence 
of  the  forces  of  gravity  during  the  analysis,  however,  holds. 

w) 

An  Increase  in  the  velocity  to  the  i-th  degree  of  a  rocket  stage  o: 

can  be  written  as  such: 


l/„ ,  -  V'k  =  Pyt,,  In 


(21.17) 


The  value  P  _  „  for  the  chamber  with  a  nonregulated  nozzle  does 
y  A  •  n 

not  not  change  over  the  time  of  flight.  It  Is  obvious  that  the 

lowering  of  pressure  p  at  the  outlet  of  the  nozzle  results  in  a 

counter  pressure  by  AV.  namely:  specific  thrust  increases  due  to 

increase  in  p  */p„,  but  the  ratio  of  Gn/G,,  decreases  due  to  Increase 

In  the  weight  of  the  nozzle.  Ultimately,  at  a  specified  value  of 

p„  a  maximum  AV„  must  exist.  If  we  express  the  specific  thrust 
c  •  on T  K 

in  a  vacuum  as  P  *  0K  ,  then  expression  (21.17)  can  be  converted 
yfl.n  Pn 

in  the  following  way : 


^-=KPa  in-^- 

P  p "  a. 


Vc 


tt 


th 

th 

on< 


(21.18) 


A  variable,  depending  on  p^,  la  left  on  the  right  aide.  The 
maximum  AV  /g  la  sought  In  function  from  p  */p  ,  or  the  relative  a "ea 
of  the  cossa  aectlon  of  the  nozzle  f  .  The  values  f  > ,  p  #/p  and 

C  C  K  C 

K  are  Interrelated. 
pn 

A  change  in  the  weight  of  the  nozzle  with  a  reduction  of  pc  can 
be  approximately  estimated  even  during  the  design  stage.  Considering 
the  variable  component  of  weight,  only  the  weight  of  the  enlarging 
part  of  the  nozzle,  AGc  can  be  written  (Fig.  21.19): 


or 


(Ft  —  t  „p) 


tin  a 


(21.19) 


where  6np  -  given  wall  thickness  (with  the  allowance  for  the  Jacket 
of  coolant  passage);  pm  -  density  of  the  wall  material. 


Fig.  21,9.  For  the  determination  of 
the  weight  of  the  enlarging  section 
of  the  nozzle. 


From  value  f„  QnT  it  is  easy  to  convert  to  pc  onT>  The  found 
value,  pc  onT,  can  be  increased  based  on  the  same  considerations  as 
that  for  rockets,  passing  through  dense  layers  of  atmosphere. 


During  the  examination  of  the  basic  principles  of  selecting 
the  optimum  parameters  of  a  liquid-fuel  rocket  engine  it  was  assumed 
that  such  questions  as  the  determination  of  the  amount  of  thrust  of 
one  chamber,  the  selection  of  a  scheme  of  the  nozzle  (of  Internal  or 


external  expansion)  were  already  solved.  However,  their  solution  is 
an  independent  and  very  complex  problem.  Thus,  when  selecting  the 
level  of  thrust  of  one  chamber,  one  takes  into  account  the  earlier 
attained  values >  completed. experiments,  the  existence  of  bench  test 
data,  available  time,  and  many  other  factors.  In  a  number  of  cases 
it  can  be  more  expedient  to  create  a  multichamber  engine  instead  of 
perfecting  a  chamber  of  large  thrust.  The  four-chamber  engine  of  the 
"Vostok"  rocket  can  serve  as  an  example. 

21.5.  Trends  in  the  Development  of  Liquid-Fuel 

Rocket  Engine 

The  basic  trends  in  the  development  of  a  liquid-fuel  rocket 
engine  are  derived  from  the  general  requirements  of  time  reduction 
and  cost  of  development,  operation  and  the  Increase  In  the  reliability 
of  the  rocket  systems.  With  the  expansion  of  scales  In  using  a 
liquid-fuel  rocket  engine  in  military  and  rocket-space  technology,  the 
role  of  these  factors  increases  all  the  more. 

On  the  basis  of  published  data  [2],  [4]  the  following  basic 
trends  in  the  development  of  liquid-fuel  rocket  engines  can  be 
pointed  out,  reflecting,  to  a  known  degree,  the  e^ect  of  the 
mentioned  general  requirements. 

Independent  of  purpose,  type  and  sizes  of  the  engine,  the 
invariable  trend  in  the  development  is  for  the  perfection  and  introduc¬ 
tion  of  new,  all  the  more  efficient  fuels,  admissible,  accordingly, 
by  conditions  of  the  operation  of  the  rocket  complex.  Resources  in 
this  trend,  at  present,  are  far  from  exhausted.  Thus,  for  engines 
of  rocket-carriers  of  space  objects  as  a  result  of  mastering  very 
efficient  oxygen-hydrogen  fuel  provides  the  task  for  perfecting 
the  even  more  efficient  fluorine-hydrogen  fuel.  Future  prospects 
may  be  the  perfection  and  utilization  of  three-component  metalli¬ 
ferous  fuels.  For  engine  devices  of  military  rockets  there  is  a 
substantial  limitation  of  a  number  of  possible  fuels  -  they  should 
allow  for  prolonged  storage  of  the  rockets  in  a  ready  state. 


547 


Operation  for  the  creation  and  perfection  of  metalliferous  fuels, 
typical  among  which  is  gelled  hydrazine  with  aluminum  powder  as  a 
fuel,  and  highly  concentrated  hydrogen  peroxide  or  nitrogen 
tetroxide  as  an  oxidizer,  can  lead  to  a  substantial  improvement  of 
energy  and  weight  characteristics  of  engine  devices  working  on  high- 
boiling  fuels. 

The  second  most  important  trend  in  the  development  of  liquid- 
fuel  rocket  engines  is  utilization  of  the  resources  in  the  optimiza¬ 
tion  of  the  basic  parameters  of  the  engine:  pressure  in  the  combus¬ 
tion  chamber,  the  degree  of  expansion  of  the  nozzle,  the  schemes  of 
the  engine  and  others . 

The  selection  of  these  parameters  is  intimately  connected  with 
the  achievements  in  the  structural  perfection  of  the  engines,  with 
level  of  thrust,  the  purpose,  operation  time,  and  other  factors,  the 
combined  calculations  of  which  must  guarantee  the  selection  of  the 
optimum  parameters  of  the  working  process. 

At  the  present  time,  apparently,  the  optimum  values  of  the 
pressure  in  the  combustion  chamber  have  not  been  attained.  Utiliza¬ 
tion  of  a  scheme  of  engines  with  preignition  of  the  working  medium  of 
a  turbine  in  the  turbopump  unit  (TNA)  makes  it  expedient  [5]  to 
increase  the  pressure  in  the  combustion  chamber  up  to  200  bar  and 
higher  (in  a  gas  generator,  more  than  300-400).  It  is  characteristic 
that  the  trend  to  increase  the  pressure  is  observed  not  only  in 
engines  of  the  lower  stages  of  rockets  which  operate  in  the  dense 
layers  of  the  atmosphere,  but  also  in  space  engines.  In  the  latter 
case  a  higher  degree  of  expansion  in  the  nozzle  can  be  attained  even 
at  low  pressures  in  the  combustion  chamber.  However,  an  increase 
in  pressure  results  in  a  reduction  in  the  over-all  sizes,  and  in  a 
number  of  cases,  in  the  lowering  of  the  weight  of  engine.  Furthermore, 
an  increase  in  the  absolute  pressure  make  it  possible  to  increase  the 
expansion  ratio  of  the  nozzle  without  fear  excessive  friction  loss  in 
the  boundary  layer. 


Expansion  ratios  of  the  nozzle  in  the  developed  engines  attain 
very  large  values  -  100  and  even  200  (RL-20  engine).  In  this  respect 
the  possibility  of  a  further  increase  in  the  specific  thrust  to  a 
certain  extent  has  been  exhausted. 

At  present  there  is  no  final  clarity  of  the  problem  of  the 
maximum  level  of  thrust  of  a  single-chamber  of  a  liquid-fuel  rocket 
engine.  According  to  the  degree  of  completion  of  the  experiment  and 
of  advances  of  new  problems  ahead  of  space  technology,  the  level 
of  thrust  of  a  single-chamber  liquid-fuel  rocket  engine  constantly 
rose.  The  thrust  of  the  heaviest  modern  F-l  engine  reaches  680  t. 
Expedient  level  of  thrust  in  one  chamber  should  be  determined  by  the 
cost,  by  the  reliability  and  by  the  time  for  development  of  an  engine 
installation  of  future  more  powerful  rocket-carriers.  In  some 
foreign  research  works  they  consider  that  engines  with  a  thrust  of 
several  thousands  and  tens  of  thousands  of  tons  should  have  a 
scheme  different  from  schemes  of  existing  liquid-fuel  rocket  engines. 
For  example,  frequently  a  scheme  with  an  annular  combustion  chamber 
(or  with  many  chambers,  arranged  on  a  ring)  and  with  a  nozzle  of 
external  expansion  are  considered. 

The  important  trend  in  the  development  of  a  liquid-fuel  rocket 
engine  is  the  Increase  in  the  structural  perfection.  The  basic  of 
this  trend  is  the  improvement  in  the  scheme  of  the  engine,  the 
utilization  of  new,  better  structural  material  and  techniques  in  the 
manufacture  of  the  engines,  the  improvement  in  the  design  of  aggregates 
and  units.  For  example,  the  introduction  of  schemes  with  afterburning 
of  the  working  medium  of  the  turbine  allows  one  to  raise  the  level 
of  optimum  pressure  in  the  chamber  of  combustion  and  increase  the 
specific  thrust.  The  perfection  of  the  design,  the  increase  in  the 
economy  of  the  turbine  and  pumps  of  the  turbopump  unit  (TNA)  allows 
one  to  reduce  the  weight  of  these  units  and  raise  the  parameters  of 
the  engine.  As  a  result,  engines  become  lighter,  more  reliable,  and 
their  overfall  sizes  are  reduced.  On  the  basis  of  achievement  in  the 
organization  of  the  procedure  and  technology  of  the  manufacture  of 
the  engines,  highly  efficient  engines  with  resources,  measured  in 


549 


hundreds  of  seconds  are  able  to  be  produced.  For  example,  duration 
of  the  engine  operation  of  AJ  10-137  (sustainer  engine  of  the  "Apollo" 
spaceship,  thrust  of  10  t)  constitutes  780  s.  The  need  of  the 
repeated  turning  on  of  the  engine  always  complicates  the.  problem  of 
obtaining  a  large  resource. 

The  basis  of  the  development  of  the  liquid-fuel  rocket  engine  is 

the  more  profound  research  on  the  complex  working  processes,  which  go 

on  in  the  engine.  The  creation  of  a  reliable  boosted  and  economic 

engine  is  unthinkable  without  a  detailed  analysis  of  the  basic 

processes.  The  constant  trend  is  for  all  the  more  exacting  and  more 

complete  quantitative  description  of  the  phenomena  occurring  in  the 

supply  system,  in  the  combustion  chamber,  in  the  nozzle  of  the 

engine,  a  more  accurate  calculation  of  the  dynamics  of  the  processes 

or  engine  exhaust  under  operating  conditions  and  stationary  work. 

The  most  important  problem  is  the  research  on  the  nature  of  the 

unstable  combustion  in  a  liquid-fuel  rocket  engine  and  the  development 

of  methods  of  excluding  or  of  limiting  this  phenomenon.  In  connection 

with  this,  serious  attention  should  be  given  to  the  development  of 

the  theory  of  models  of  liquid-fuel  rocket  engines  which  would  permit 

one  to  determine  the  basic  indexes  of  the  chamber  of  large  thrust 

based  on  the  results  of  testing  models  with  a  small  chamber.  The 

degree  of  perfection  of  the  working  processes  in  the  combustion 

chamber  and  irT  the  nozzle  (coefficients  and  $  )  are  included 

pk  c 

among  these  indexes,  boundaries  of  unstable  combustion,  the  distribu¬ 
tion  of  heat  flows,  and  so  forth.  Along  with  simulation,  important 
attention  is  being  given  to  the  development  of  methods  of  reliable 
generalization  of  the  results  of  investigation  of  life-ci/'.e  engine. 

The  reduction  in  the  number  of  tests,  based  on  the  determination  of 
such,  parameters,  for  example,  as  the  efficiency  of  the  processes 
and  the  reliability  of  the  engine  using  a  small  number  of  tests  is 
the  goal. 

Design  of  engines  with  more  complete  and  accurate  methods  of 
calculating  the  basic  processes  at  hand  allows  for  a  substantial 
time  reduction  and  cut  in  the  cost  of  the  development  of  liquid-fuel 


550 


rocket  engine,  and  raise  its  reliability.  The  needs  of  rocket-space 
technology  stimulate  the  development  of  allied  sciences,  associated 
with  the  creation  of  a  theoretical  bases  of  calculating  and  designing 
of  liquid-fuel  rocket  engines. 
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ROCKET  ENGINES  ON  SOLID  PROPELLANT 


CHAPTER  XXII 

SOLID  ROCKET  PROPELLANTS 

In  this  chapter  an  analysis  is  made  of  the  basic  requirements 
for  unitary  solid  fuels,  data  about  their  composition,  physicochemical 
properties,  energy  characteristics,  and  regularities  of  combustion.1 

22.1.  Basic  Requirements  for  Propellants 

Solid  propellant,  including  in  its  composition  a  combustible 
and  an  oxidizer  (monopropellant  solid  propellant),  is  placed  in  the 
combustion  chamber  in  the  form  of  one  or  several  units  called  a 
charge.  A  charge  can  be  rigidly  fastened,  to  the  walls  of  the 
chamber  or  inserted  freely.  In  the  second  case  it  is  retained  in 
the  chamber  by  special  devices. 

The  absence  of  liquid  components  and  systems  for  feeding  of 
fuel  substantially  simplifies  the  design  of  an  engine  installation 
operating  on  solid  propellant  and  creates  the  prerequisites  for 
development  of  units  of  very  high  reliability  and  operational  readiness 
Realization  of  these  features  of  an  (PATT)  -  [RDTT  —  solid-propellant 
rocket  engine]  led  to  their  wide  utilization  in  technology  —  from 
small  rocket  projectiles  to  intercontinental  ballistic  missiles 
operating  on  solid  propellant. 


information  about  propellants  has  been  taken  basically  from 
foreign  sources. 
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Solid  propellants  are  subject  to  requirements  which  stem  from 
the  need  for  development  of  a  rocket  with  high  reliability  and 
minimum  launch  weight. 

The  solid-propellant  charge  is  the  most  Important  element  of  a 
RDTT .  The  mechanical  properties  of  the  fuel  should  guarantee  the 
possibility  of  development  of  a  charge  of  the  necessary  configuration 
and  achievement  of  stability  of  its  characteristics  in  the  process 
of  storage,  ignition,  and  combustion.  Propellants  utilized  for 
charges  which  are  fastened  to  the  engine  housing  snould  be  sufficiently 
elastic  in  order  to  avoid  failure  of  the  charge  under  the  action  of 
thermal  stresses  or  deformation  under  the  action  of  pressures  in 
process  of  ignition  and  operation.  "Rigid"  propellants  are  used  for 
deposit  charges.  The  required  physical  features  should  be  preserved 
in  all  temperature  ranges  of  operation  of  the  engine  installation 
and  should  not  change  during  prolonged  storage. 

Another  group  of  requirements  demanded  of  a  solid  propellant 
concerns  its  intraballistic  properties.  Rate  of  combustion  at 
nominal  pressure  in  each  case  must  be  sufficient  for  achievement  of 
the  necessary  characteristics  of  the  engine  installation.  For  example, 
in  certain  cases  high  thr^pt  for  a  short  time  at  very  large  overloads 
can  be  demanded  from  the  booster.  The  latter  based  on  considerations 
of  strength  does  not  allow  the  using  of  a  multigrain  charge  with  a 
very  large  combustion  surface.  An  acceptable  solution  is  utilization 
of  a  charge  fastened  to  the  housing,  but  in  this  instance  the  increased 
combustion  rate  has  to  guarantee  the  necessary  consumption  with  a 
limited  combustion  surface.  Opposite  cases  are  also  possible,  when 
it  is  necessary  to  have  as  low  a  combustion  rate  as  possible.  Change 
in  the  combustion  rate  of  propellant  depending  on  pressure  and 
temperature  of  the  charge,  and  also  on  rate  of  flow  of  gases  along 
the  combustion  surface,  in  most  cases  should  be  as  low  as  possible. 

The  most  serious  requirement  demanded  of  fuel  is  providing  high 
energy  effectiveness  of  the  engine  installation.  This  means  the 
necessity  of  obtaining  nigh  specific  thrust  with  a  high  density  of 
propellant.  The  tendency  to  increase  specific  thrust  determines  the 
basic  trends  in  the  development  of  new  solid  propellants.  In  this 
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case  an  important  limiting  condition  is  the  need  for  the  simultaneous 
obtaining  of  specific  high  mechanical  features,  stability,  rate  of 
combustion,  and  so  forth.  Placing  of  propellant  in  a  combustion 
chamber  of  an  RETT  which  is  under  high  pressure  substantially  increases 
the  influence  of  propellant  density  on  the  characteristics  of  the 
rocket.  Higher  propellant  density  makes  it  possible  to  reduce 
the  combustion  chamber  volume,  to  reduce  the  weight  of  the  structure 
with  a  constant  weight  of  propellant,  and  to  improve  the  characteristics 
of  the  rocket. 

In  addition  to  the  basic  requirements  enumerated  above  there 
is  Importance  in  economic  characteristics:  propellant  components 
should  not  be  scarce  and  should  be  inexpensive  and  accessible  for 
utilization  on  the  required  scale.  The  technology  of  propellant 
production  must  ensure  good  reproducibility  of  characteristics,  i.e., 
little  variance  from  one  charge  to  another. 

22.2.  Composition  of  Solid  Propellants  ' 

i 

i 

The  composition  of  certain  typical  solid  propel lan ts^and  their  J 

basic  characteristics,  which  are  considered  below,  are  given  in  r< 

Table  22.1.  In  physical  structure  solid  rocket  propellants  can  be 
divided  into  two  basic  classes. 

Double-Base  Propellants 

These  are  solid  solutions  of  organic  substances,  the  molecules 
of  which  contain  combustibles  and  oxidizing  elements.  These  fuels 
are  also  called  powders,  colloidal  propellants.  One  of  their  bases 
is  nitrocellulose  with  a  various  content  of  nitrogen.  The  general 
formula  of  nitrocellulose  is  CgH^(0H)2_x(0N02)x,  where  x  *  1,  2,  3  - 
number  of  groups  of  ON02  obtained  under  various  conditions  of  nitration 
of  cellulose.  The  second  base  are  substances  of  the  type  of 
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Table  22.1.  Characteristics  or  «« 


Characteristics  of  some  solid  rocket  propellants . 
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CH2(ON02)CH(ON02)CH2(ON02) ,  diglycol  din  it  rate  CH2(0N02)CH20CH2CH'2(0N0o) 
and  others,  which  are  called  solvents.  With  nitrocellulose  they  form 
colloidal  systems.  The  carrier  of  surplus  oxygen  (relative  to 
stoichiometry)  from  fuel  components  is  nitroglycerin.  The  limiting 
quantity  of  it  which  can  be  introduced  into  a  fuel  under  conditions 
of  obtaining  the  required  mechanical  properties  is  substantially  less 
than  that  necessary  for  achievement  of  stoichiometric  propellant 
composition.  For  example,  the  stoichiometric  relationship  scQ  of 
nitrocellulose  (13-25%  N2)  and  nitroglycerin  comprises  8.57. 

However,  for  technological  reasons  it  is  difficult  to  Introduce  more 
than  43*  nitroglycerin  in  the  fuel,  i.e.,  the  maximum  magnitude  of 
tc  comprises  around  0.75.  In  this  case  the  coefficient  of  surplus 
of  oxidizing  elements  ag  in  the  propellant  can  reach  a  magnitude  of 
0.75-0.8,  although  the  coefficient  of  surplus  of  oxidizer,  as  it 

appears,  o=-  <o,i  . 

*0 

Small  quantities  of  certain  additives  are  usually  included  in 
the  powders:  stabilizers  are  substances  which  increase  the  chemical 
stability  of  the  propellant  in  the  period  of  storage;  plastifiers  or 
cementers  are  substances  which  give  to  the  fuel  the  necessary  mechanical 
properties,  and  others. 


Of  the  propellants  containing  nitroglycerin  the  most  widespread 
in  rocket  technology  are  ballistic  (on  the  basis  of  nitrocellulose 
with  a  low  content  of  nitrogen) .  Based  on  mechanical  features  these 
propellants  are  rigid  and  cannot  be  used  for  the  preparation  of 
charges  which  are  fastened  to  the  chamber  walls. 

Composite  Propellants 

These  are  mechanical  mixtures  of  fuel  and  an  oxidizer.  The 
utilization  of  three  basic  components  is  characteristic  for  the 
majority  of  contemporary  fuels:  a  polymeric  fuel  -  a  bonding  agent, 
a  crystalline  oxidizer,  and  a  metallic  additive.  Many  substances  can 
be  used  as  the  bonding  agent,  beginning  with  asphalt  and  ending  with 
contemporary  polymers,  such  as  polyether  and  epoxy  resins  and  rubbers  - 
polyurethane,  polybutadiene,  and  others.  In  the  process  of  preparation 
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!'  th<  pri  pel  I  ant  1 1  .* !  ntrgrati-il  crystals  ol'  oxidizer,  metal  powd' r, 
and  other  add  It  I  von  arc  added  t.<«  the  liquid  eombuzt  1  hi  e  -  binding 
agent,  they  .are  thoroughly  mixed,  and  having  pumped  out  the  air1  from 
the  engine  housing  or'  special  form,  the  resulting  mixture  Is  poured 
or  squeezed  out  directly  into  them.  Under  the  action  of  .the  catalysts 
introduced  during  mixing  at  polymerization  of  the  bonding  agent  takes 
place  at  a  controlled  temperature  and  the  propellant  turns  into  a 
resin-like  mass . 

Most  frequently  ammonium  perchlorate  NH^CIO^  is  used  as  the 
oxidizer.  Such  substances  as  ammonium  nitrate  NH^NO^,  potassium 
perchlorate  KCIO^,  lithium  perchlorate  LiClO^,  and  others  were  used 
or  are  considered  as  possible  oxidizers.  Before  mixing  with  the 
bonding  agent  the  crystalline  oxidizer  is  ground  to  particles  with 
a  size  of  an  order  of  tens  -  hundreds  of  microns.  Sometimes  a  mixture 
of  various  fractions  of  oxidizers  is  introduced,  for  example,  particles 
with  a  size  of  25  and  100  microns.  In  this  manner  it  is  possible  to 
reduce  the  viscosity  of  the  mixture. 

Energy  characteristics  of  composite  propellants.  Just  as  for 
liquid,  depend  on  the  ratio  of  components.  Figure  22.1  shows  the 
dependence  of  specific  thrust  and  combustion  temperature  for  a 
typical  propellant:  bonding  agent  —  polyester  with  ammonium 
perchlorate . 


Fig.  22.1.  Dependence  of 
basic  thermodynamic  character¬ 
istics  on  weight  fractions  of 
oxidizer  in  a  composite  TRT : 

wi - stoichiometric 

propellant  composition  [Trans¬ 
lators  note:  TFT  —  solid 
rocket  propellant]. 


558 


The  utilisation  of  aluminum  additive  maker,  it  possible  to 
substantially  raise  the  energy  characteristics  of  composite  propellants, 
to  lnorease  Its  density,  and  to  stabilise  the  combustion  process. 

Usually  the  oontent  of  bonding  agent  in  a  propellant  for  providing 
the  necessary  elasticity  and  strength  should  be  no  less,  for  example, 
than  15~20f.  The  remaining  80-851  Is  distributed  between  ammonium 
perchlorate  and  aluminum.  Figure  22.2  shows  the  results  of  thermodynamic 
calculations,  Indicating,  for  example  that  with  17-20*  bonding  agent 
the  replacement  of  15*  ammonium  perchlorate  by  aluminium  gives  an 
Increase  of  specific  thrust  by  10-12  kgf-s/kg.  For  contemporary 
composite  solid  propellants,  based  on  American  data,  a  10-20*  content 
of  aluminium  Is  typical. 


Fig.  22.2.  Dependence  of 
specific  thrust  on  content 
of  aluminium  In  the  propel¬ 
lant:  1  -  propellant  without 
aluminium;  2  -  propellant  with 
aluminium. 


S 


Promising  Solid  Propellants 


According  to  data  In  the  foreign  press,  the  development  of  new 
solid  propellants  Is  proceeding  along  the  path  of  replacement  of  basic 
components  by  more  effective  ones. 

AaK>ng  the  promising  oxldlters  they  Include  nltronlum  perchlorate 
NOgClO^,  nltrosyl  perchlorate  NOClOjj,  hexanitroethane  C2(N02)g,  and 
others.  However,  a  basic  feature  of  these  more  effective  oxidizers  is 
their  Instability,  explosiveness,  and  poor  compatibility  with  existing 

binders. 
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Greater  attention  is  also  given  to  the  development  of 
propellants  containing  additives  which  are  more  effective  than  aluminium, 
such  as  beryllium,  hydrides  of  metals,  bimetallic  additives,  metalorganic 
compounds,  and  so  forth.  For  example,  the  use  of  beryllium  can 
increase  theoretical  specific  thrust  by  20-30  kgf*s/kg,  and  a 
bimetallic  additive  of  lithium  with  beryllium  instead  of  pure  beryllium, 
.c  can  increase  specific  thrust  by  6  kgf*s/kg  more,  inasmuch  as  the  heat 

of  formation  of  lithium  chloride  is  greater  than  that  of  beryllium 
chloride. 

The  characteristics  of  double-base  powders  can  also  be  improved 
by  introduction  of  additives  into  them,  for  example,  crystalline 
perchlorate  of  ammonium  or  of  metals. 

22.3.  Mechanism  of  Combustion 
General  Positions 

By  pressing  or  casting  double-base  and  composite  propellants 
in  the  housing,  charges  of  various  configuration  are  prepared.  Two 
basic  types  of  charges  are  distinguished:  with  frontal  (end)  combustion 
and  with  tubular  combustion.  When  using  grain  which  burns  from  the 
end  its  side  surface  is  protected  from  combustion  by  a  special 
composition  —  it  is  refftricted  (Fig.  22.3).  In  the  case  when  the  ends 
of  the  grain  are  restricted  combustion  proceeds  along  external  or 
internal  surfaces  or  along  both  simultaneously.  Surfaces  can  be 
cylindrical  or  specially  profiled.  Examples  of  such  charges  are 
shown  in  Fig.  22.4.  Simultaneous  combustion  on  the  ends  and  side 
surfaces  and  other  variants  are  possible. 


Fig.  22.3.  Charge  with  front 
combustion:  1  —  combustion 

surface;  2  —  propellant; 

3  -  inhibitor. 
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a)  b)  c ) 

Pig.  22. H.  Charges  with  tubular  combustion: 
a)  combustion  along  inner  cylindrical 
surface;  b)  combustion  along  inner  profiled 
surface;  c)  combustion  along  outer  and 
inner  surfaces;  1  -  combustion  surface; 

2  -  propellant;  3  -  inhibitor. 


If  the  physical  conditions  at  all  points  of  the  burning  surface 
are  identical  and  the  propellant  is  uniform,  then  combustion  proceeds 
evenly,  in  parallel  layers  (Pig.  22.5). 


Fig.  22.5.  Diagram  of 
shifting  of  combustion 
surfaces:  a)  during 

frontal  combustion; 
b)  during  channel 
combustion . 


The  basic  characteristic  of  the  combustion  process  is  its  rat£". 
It  is  broken  down  into  linear  and  mass  combustion  rate.  Linear 
rate  of  combustion  u,  usually  called  simply  combustion  rate,  is 
the  rate  of  displacement  of  combustion  surface: 


u=—  cm/s. 

dx 


(22.1) 


Mass  combustion  rate  is  the  mass  of  propellant  which  burned  down 
from  a  unit  of  burning  surface  in  one  second.  By  definition  it  is 
equal  to 


T 


dt 

d\ 


(22.2) 


or 
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Uri—UVi  gf/cm^-s,  (22.3) 

where  pt  -  density  of  propellant  in  g/crn^. 

Initial  ignition  of  a  solid  propellant  is  caused  by  a  thermal 
pulse  usually  with  the  help  of  a  special  igniter.  With  the  warming 
up  of  a  specific  layer  of  surface  and  with  the  temperature  of  the 
surface  higher  than  a  certain  critical  value,  which  was  initially 
achieved  with  the  help  of  an  igniter,  self-accelerating  chemical 
transformations  of  the  propellant  begin.  These  transformations 
are  exothermal  and  they  lead  to  warming  up  of  reaction  products. 

Heat  exchange  takes  place  between  the  products  of  combustion  and 
nonreacting  fuel  and  this  ensures  the  further  flow  of  the  process 
without  participation  of  an  igniter. 

Combustion  itself  is  the  process  of  distribution  of  a  reaction 
from  the  surface  layers  deep  into  the  charge.  The  mechanism  of  this 
process  is  somewhat  different  for  double-base  and  composite  propellants. 

Stationary  Combustion 

Combustion  of  a  double-base  propellant  can  be  presented 
schematically  as  flowing  in  three  stages.  Heat  output  from  combustion 
products  leads  to  warming  up  of  the  surface  layer  of  the  propellant 
(Fig.  22.6,  zone  1),  In  which  melting  and  decomposition  of  the  solid 
phase  begins.  Reactions  of  decomposition  are  exothermal  and  accelerate 
the  process  gasification  of  solid  propellant. 


r 


SurfM*  of 
oombustlon 


Fig.  22.6.  Diagram  of 
combustion  of  solid 
rocket  propellant. 


As  a  result  of  the  poor  thermal  conductivity  of  solid  rocket 
propellants  the  surface  layer  which  is  undergoing  warming  up 
("thoroughly  warmed  layer")  is  very  thin.  Figure  of  22.7  shows 
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the  temperature  distribution  of  a  solid  propellant  at  various 
distances  r  from  the  combustion  surface.  As  can  be  seen,  with  an 
increase  in  the  linear  rate  of  combustion  the  thickness  of  the  warmed 
layer  is  rapidly  diminished,  in  connection  with  which  the  role  of 
exothermal  reactions  in  this  layer  is  reduced. 


Pig.  22.7.  Distribution  of 
temperature  in  the  surface 
layer  of  propellant  at 
various  rates  of  combustion. 


Gasified  decomposition  products  of  the  solid  propellant  at  a 
certain  distance  from  the  surface  enter  into  exothermal  preflame 
reactions,  which  lead  to  products  of  incomplete  combustion  (see 
Pig.  22.6,  zone  2).  Finally,  in  zone  3  there  are  natural  flame 
reactions  between  products  of  incomplete  combustion.  As  a  result  of 
these  reactions  final  products  of  combustion  are  formed  and  chemical 
equilibrium  is  established  (zone  i*  ) .  Reactions  in  the  gas  phase  are 
subordinate  to  the  usual  regularities  of  homogenous  combustion. 
Figure  22.8  shows  the  characteristic  temperature  distribution  of 
gas  near  the  burning  surface  of  powder. 


Pig.  22.8.  Temperature  distribu¬ 
tion  of  gas  near  the  burning 
surface. 


The  mechanism  of  combustion  of  composite  propellants  has  been 
studied  less  than  that  of  double-base.  Thermal  decomposition  of 
components  of  a  composite  propellant  in  the  surface  layer  is 
probably  not  an  exothermal,  but  an  endothermal  process.  Therefore 
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the  need  for  heat  supply  from  the  zone  of  developed  combustion  Increases 
Decomposition  and  gasification  of  the  fuel  and  oxidizer  flow  in  a 
general  case  at  various  rates  and  depend  on  the  nature  of  the  components 
The  reactions  between  gasified  fuel  and  oxidizer  can  be  determined 
by  the  process  of  diffusion  and  of  mixing  or  by  the  kinetics  of 
chemical  reactions,  or  by  both  depending  on  pressure,  temperature, 
sizes  of  grain  of  oxidizer,  and  other  factors.  In  the  presence 
aluminum  interest  lies  in  the  process  of  combustion  of  particles  of 
metal.  Investigations  show  that  on  the  surface  of  a  burning  propellant 
particles  of  aluminium  are  melted  and  are  merged  into  larger  ones. 
Iginition  and  combustion  take  place  within  the  limits  of  zone  consider¬ 
ably  exceeding  the  zone  of  combustion  of  a  propellant  which  does  not 
contain  metal  (extent  of  the  latter  is  tenths  of  a  millimeter) . 


In  this  way  a  specific  stage  of  combustion  of  these  and  other 
fuels  is  the  process  of  decomposition  and  gasification  of  the 
solid  phase.  This  process  depends  substantially  on  the  intensity 
of  heat  transfer  to  the  surface  of  the  solid  propellant.  All  factors 
which  increase  heat  transfer  accelerate  the  decomposition  and  gasifica¬ 
tion  of  the  surface  layer. 

Acceleration  of  processes  in  the  surface  layer  as  well  as  in 
the  gas  phase  means  an  increase  in  the  linear  rate  of  combustion  of 
solid  propellant.  From  the  cited  arrangements  of  processes  it  may 
be  concluded  that  rate  of  combustion  should  depend  on  the  nature 
of  the  propellant,  pressures  at  which  combustion  is  carried  out, 
temperatures  of  the  propellant,  of  rate  of  movement  of  gas  along  the 
combustion  surface,  and  of  other  factors  which  influence  rate  of 
reactions  in  the  condensed  or  gas  phase. 

In  most  cases  the  theory  of  combustion  on^y  explains,  but  does 
not  predict  analytically  these  dependences,  the  quantitative 
description  of  which  still  is  based  on  test  data. 


Nonstationary  Combustion 


Each  rate  of  combustion  of  a  propellant  has  its  corresponding 
nature  of  distribution  of  temperature  in  the  warmed  layer.  With  a 
rapid  change  in  pressure,  taking  place,  for  example,  when  the  engine 
approaches  operating  conditions,  during  cut-off,  or  for  any  other 
reason,  the  rate  of  combustion  changes  but  the  warmed  layer  cannot 
be  reconstructed.  During  this  time  the  rate  of  combustion  is  determined 
by  the  instantaneous  value  of  pressure  and  by  the  magnitude  of  temper¬ 
ature  gradient  at  the  surface  of  the  warmed  layer.  With  a  rapid 
increase  in  the  pressure,  for  example,  the  warmed  layer  turns  out  to 
be  thicker  than  the  layer  corresponding  to  stationary  combustion  at 
this  pressure.  With  a  rapid  drop  in  pressure  the  warmed  layer  turns 
out  to  be  very  thin  and  a  thicker  heated  layer,  corresponding  to 
stationary  pressure,  may  not  be  formed.  In  this  case  extinguishing 
of  the  charge  takes  place. 

The  appearance  of  nonstationary  conditions  of  combustion  depends 
on  the  free  volume  of  the  combustion  chamber.  In  engines  with  a  small 
free  volume  the  time  for  gaining  stationary  condition  can  be 
commensurable  with  the  time  of  formation  of  the  warmed  layer.  In 
this  case  nonstationary  phenomena  can  appear  which  must  be  considered 
during  a  calculation  of  processes  in  the  engine. 

22.^.  Dependence  of  Combustion  Rate 
on  Basic  Factors 


Dependence  on  Pressure 

The  pressure  at  which  the  process  of  combustion  flows  is  the 
most  serious  factor  which  influences  the  rate  combustion  of  solid 
propellant.  For  the  majority  of  propellants  an  increase  is  observed 
in  the  rate  of  combustion  with  an  increase  in  pressure.  This  is 
explained  by  an  increase  in  the  density  of  current  and  by  the 
corresponding  intensification  of  heat  output  to  the  surface  of  the 
propellant.  The  rate  of  reactions  which  proceed  in  the  condensed 
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phase  increases  in  this  case.  Simultaneously  the  increase  in  the 
concentration  of  gaseous  reactive  substances  leads  to  an  increase  in 
the  rate  of  exothermal  gas-phase  reactions.  The  high-temperature 
zone  of  flames  approaches  the  surface  of  a  solid  propellant. 

The  role  of  heterogeneous  and  homogenous  reactions  in  the 
whole  complex  of  combustion  phenomena  is  diverse  at  various  pressures. 
In  connection  with  this  one  cannot  expect  the  same  law  of  change  in 
combustion  rate  over  a  wide  range  of  pressure.  Treatment  of  the 
results  of  experiments  gives  various  dependences  u  =  f(p)  in  different 
intervals  of  pressure.  These  dependences  usually  have  the  form 

U=BP v  (22.11) 

or 


u~A  +  BiP.  (22.5) 

In  relationships  (22.4)  and  (22.5)  A,  B  and  B1  -constants, 
depending  on  the  nature  of  the  propellant  and  initial  temperature  of 
the  charge;  index  v  depends  on  the  nature  of  the  propellant.  In  the 
specific  ra-ine  of  pressures  the  magnitudes  mentioned  do  not  depend  on  p. 


For  tw ;  majority  of  solid  rocket  propellants  formulas  (22.4)  and 
(22.5)  in  the  range  of  change  in  pressure  which  is  of  practical 
interest  equally  accurately  reflect  the  results  of  experiments. 
Perference  is  usually  given  to  dependences  of  type  (22.4).  An  example 
of  such  a  dependence,  conveniently  depicted  in  a  logarithmic  coordinate 
grid,  is  shown  in  Fig.  22.9. 


Fig.  22.9.  Typical  dependence 
of  linear  rate  of  combustion 
on  pressure. 


566 


For  composite  propellants,  on  the  strength  of  the  presence  of 
kinetic  and  diffusion  zones  of  combustion  of  products  of  gasification, 
Sammerfield  obtained  the  formula 


i< 


_  •  I  • 

TTrr  > 
p  /p 


(22.6) 


where  coefficient  a  is  determined  by  kinetic  factors,  and  b  -  by 
diffusion.  This  formula  during  experimental  determination  of  constants 
a  and  b  from  measurements  of  combustion  rate  very  successfully 
describes  experimental  data  over  a  wide  range  of  pressure. 


The  combustion  rate  of  some  powders  in  a  specific  interval  of 
pressure  may  not  depend  on  pressure  (v  *  0).  Figure  22.10  shows  such 
a  dependence  of  combustion  rate  on  pressure  having  a  sector  of 
constant  u.  Also  evident  there  is  the  effect  of  initial  temperature 
of  the  charge. 


Fig.  22.10.  Example  of  various 
change  in  rate  of  combustion  in 
various  intervals  of  pressure. 
[Translators  note:  subscript 
h  ■  initial.] 


Dependence  on  Initial  Temperature  of  Charge 

The  influence  of  initial  propellant  temperature  on  rate  of 
combustion  is  explained  by  the  dependence  of  the  rate  of  homogenous 
and  especially  of  heterogeneous  chemical  reactions  on  temperature. 

As  was  mentioned,  as  a  result  of  poor  thermal  conductivity  the  temper¬ 
ature  of  solid  propellant  changes  sharply  in  a  thin  layer  and  already 
at  a  distance  of  tenths  of  a  millimeter  from  the  surface  is  equal 
to  the  initial  temperature  which  the  charge  had  before  ignition.  As 
a  result  of  the  relative  short  time  of  combustion  this  temperature 
practically  does  not  change  during  operation  of  the  engine. 
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Experiments  reveal  a  noticeably  higher  rate  of  combustion  at 

increased  initial  temperature  tH<  The  nature  of  change  in  the  rate 

of  combustion  is  not  the  same  in  various  ranges  of  change  in  initial 

temperature  and  also  depends  on  pressure.  Figure  22.11  shows  the 

dependence  of  temperature  coefficient  of  combustion  rate  u.  /u,  on. 

z2  zl 

pressure  of  nitroglycerin  powder  in  various  intervals  of  change  in 
initial  temperature.  The  temperature  coefficient  of  combustion  rate 
is  the  relationship  of  combustion  rate  at  the  two  initial  temperatures 
being  compared  and  p  ■  const.  As  can  be  seen  from  the  chart,  at 
increased  pressures  this  coefficient  drops,  striving  for  a  certain 
constant  value  for  the  given  interval  of  temperatures.  A  constant 
value  for  it  is  reached  earlier  for  a  higher  temperature  interval. 
Absolute  value  in  the  range  of  increased  pressures  is  higher  for  high 
temperatures . 
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Fig.  22.11.  Dependence  of  temperature 
coefficient  of  combustion  rate  of 
nitroglycerin  powder  on  pressure: 

i  _  *x'c  o  _  *MX 
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It  can  be  considered  that  under  conditions  characteristic  for 
a  RDTT  the  values  of  temperature  coefficient  of  combustion  rate  do 
not  depend  on  pressure  and  differ  little  from  one  another  in  various 
intervals  of  working  temperatures.  This  creates  a  base  in  preliminary 
calculations  to  u:  ’  dependences  of  the  type 


«<•=«».  11  +  »*(*»— *i)|.  (22.7) 

where  coefficient  ttu  with  dimensionality  of  1/degree  characterizes 
the  relative  change  in  combustion  rate  of  the  given  solid  propellant 
with  a  change  in  initial  temperature  of  the  charge  by  one  degree. 

For  various  solid  propellants  ir  comprises  0.002-0.005. 
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Usually  the  dependences  of  combustion  rate  on  initial  temperature 
are  used.  These  can  be  written  as  the  dependences  of  constant  B, 
entering  into  formula  (22.il),  on  t  . 

H 

Figure  22.12  shows  the  dependence  of  combustion  rate  on  pressure 
and  initial  temperature  for  several  solid  propellants. 

*20mC 

Fig.  22.12.  Dependence  of  combustion 
rate  on  pressure  and  initial  tempera¬ 
ture  for  several  solid  propellants: 

1  -  on  a  base  of  KCIO^;  2  -  JPN 

colloidal  powder;  3  ~  on  a  base  of 
NH^ClOjj ;  i|  -  on  a  base  of  NH^NO^. 

VIA  •tl  70  HO  pi* i* 

Dependence  on  Rate  of  Ventilation 
of  Combustion  Surface 

The  above  cases  of  dependences  of  combustion  rate  on  pressure 
and  initial  temperature  of  charge  relate  to  a  case  when  the  combustion 
surface  is  not  subject  to  ventilation.  When  using  a  charge  with 
channel  combustion  the  combustion  products  move  along  its  outer  or 
inner  surface  (Fig.  22.13).  As  a  measure  of  removal  from  the  front 
end  of  the  charge  I-I  and  approach  to  the  nozzle  the  consumption  of 
gas  through  the  free  section  of  the  chamber  increases  (gas  formation 
proceeds  from  all  the  more  surface).  Therefore  the  rate  w,  of  gas 
flow  washing  the  charge  increases  towards  the  nozzle  and  can  at  the 
limit  reach  the  critical  rate  w  . 

Kp 

Fig.  22.13.  Change  in  the 
rate  of  gas  flow  in  the 
combustion  chamber  of  an 
RDTT. 
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Combustion  ivite  of  one  arid  'die  same  fuel  under*  ident I cal 
i;ond  1 1  i  ons  (p  =  Idem  and  t  =  Idem)  increases,  if  the  combustion 
surface  is  subjected  to  ventilation.  The  basic  reason  for  this 
phenomenon  is  that  during  the  washing  of  the  surface  of  the  charge 
by  tlie  hot  combustion  products  the  transfer  of  heat  to  unreacted 
propellant  increases.  This  proceeds  as  a  result  of  an  Increase  of 
convective  thermal  flow,  which  is  increased  with  an  increase  in  the 
rate  of  movement  of  gas  along  the  surface  of  charge  and  with  an 
increase  in  the  turbulence  of  flow.  The  intensified  feeding  of  heat 
to  the  propellant  intensifies  the  chemical  reactions,  thanks  to  which 
there  should  be  an  increase  in  the  combustion  rate. 

Experiment  confirms  such  a  dependence  of  combustion  rate  on  the 
rate  of  ventilation  of  the  surface.  Figure  22.14  shows  the  results 
of  determining  the  relative  increase  in  the  combustion  rate  from  the 
velocity  of  gas  w,  for  two  types  of  nitroglycerin  powders.  The  value 
uQ  is  the  rate  of  combustion  in  the  absence  of  ventilation,  u  —  rate 
of  combustion  at  a  specific  velocity  of  gas.  The  values  of  rates 
u  and  uQ  being  compared  relate  to  the  same  conditions  of  combustion 
(pressure  and  initial  temperature  of  charge).  In  this  investigation 
a  stronger  dependence  has  been  revealed  for  the  relative  Increase  of 
combustion  rate  in  the  case  of  ventilation  of  the  surface  of  slowly 
burning  propellants  (uQ2  <  uQ1)  .  At  the  same  time  what  effects  the 
chemical  composition  of  gases  which  are  washing  the  surface  have  not 
been  fixed. 


Fig.  22.14.  Dependence  of  relative 
increase  of  combustion  rate  on  the 
velocity  of  ventilation  of  the 
combustion  surface. 

The  phenomenon  of  an  increase  In  combustion  rate  in  the  case  of 
ventilation  of  the  surface  of  a  charge  is  frequently  called  the  effect 
of  "blowing,"  and  the  combustion  accompanied  by  this  effect  -  erosion 
combustion . 


Sow*  researchers  propose  to  describe  the  dependence  of  relative 
Increase  of  combustion  rate  not  In  a  function  of  linear  velocity  of 
gas  flow  w,.  but  In  the  function  of  its  mass  velocity.  Such  a 
dependence  has  the  form  shown  in  Pig.  22. 15,  where  along  the  axis  of 
ordinates  the  so-called  erosion  ratio  c  ■  u/uQ  is  plotted,  and  along 
the  axis  of  abscissa  -  reduced  mass  velocity  of  gas  flow  6.  The 
reduced  mass  velocity  Is  the  relationship  of  the  given  mass  velocity  of 
gas  to  the  critical  mass  velocity  which  can  be  attained  In  the 
section  of  a  cylindrical  channel,  where  the  M  number  of  flow  is  equal 
to  a  unit: 


I- 


(22.8) 
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Pig.  22.15.  Dependence 
erosion  ratio  on  reduced 
mass  velocity. 
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In  connection  with  the  fact  that  Intensity  of  convective  heat 
exchange  depends  basically  on  mass  velocity  pw,  such  a  characteristic 
of  erosion  combustion  Is  more  universal  In  comparison  with  a  character 
lstlc  of  the  type  shown  In  Pig.  22.14. 

It  is  recommended  to  determine  value  e  according  to  formula 

«-l+rt.  (22.9) 

where  c  -  constant  of  erosion  combustion,  depending  on  the  nature  of 
the  propellant.  Value  c  Increases  for  slcwly  burring  propellants. 

Its  dependence  on  rate  of  combustion  of  the  propellant  In  the  absence 
of  ventilation  Uq  and  at  tM  ■  15°C  Is  given  In  a  double  logarithmic 
grid  In  Pig.  22.16. 
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Fig.  22.16.  Dependence  of  constant  of 
erosion  combustion  of  heterogeneous  pro¬ 
pellants  on  the  combustion  rate  of 
propellant  in  the  absence  of  ventilation. 


Experiments  did  not  reveal  changes  in  the  characteristics  of 
erosion  combustion  of  the  ssme  fuel  with  a  change  in  the  initial 
temperature  of  the  charge  and  of  pressure.  Therefore  it  is  possible 
to  consider  e  independent  of  p  and  t  .  Then  the  most  widespread 

H 

formula  for  rate  of  combustion  (22.4)  is  generalized  for  a  case  of 
erosion  combustion  in  the  following  manner: 


u—tu0  —  tBp\ 


(22.10) 


It  is  necessary  to  note  that  the  effect  of  erosion  combustion 
is  not  manifested  at  any  ventilation  of  the  surface  of  a  charge,  but, 
as  is  evident  in  Figs.  22.14  and  22.15,  only  beginning  with  specific 
values  of  linear  or  reduced  mass  velocity  of  the  gas.  The  presence 
of  the  threshold  velocity  may  be  connected  with  transition  of  the 
laminar  boundary  layer  into  turbulent.  The  effect  of  flow,  running 
along  the  burning  surface,  begins  to  be  expressed  only  from  that 
moment,  when  the  turbulence  which  Just  appeared  spreads  itself  to 
the  zone  of  preflame  reactions.  The  position  of  the  "threshold" 
of  erosion  cor.  ’tion  depends  on  the  nature  of  the  propellant  and  is 
determined  experimentally.  Obviously  it  also  should  be  determined 
by  the  conditions  of  entrance  of  flow  into  the  channel  of  the  charge, 
by  the  disturbances  which  promote  the  transition  of  the  laminar 
boundary  layer  into  turbulent. 


Dependence  on  Other  Factors 


Under  fixed  external  conditions  (pressure  and  initial 
and  a  specific  erosion  ratio  e  the  rate  of  combustion  of  a 
propellant  also  depends  on  a  number  of  factors,  the  effect 
usually  is  not  subject  to  a  strict  analytical  calculation. 


temperature ) 
solid 
of  which 
These 


additional  factors  are  somewhat  different  for  double-base  and 

composite  propellants. 

Pressed  double-base  powders  usually  have  an  anisotropic  structure. 

In  connection  with  this  the  rate  of  combustion  of  such  propellants  in 
a  direction  parallel  to  the  direction  of  pressing  is  10-15?  higher 
than  in  a  perpendicular  direction.  A  dependence  on  pressure  of  pressing 
and  quality  of  plastification ,  i.e.,  on  the  technology  of  manufacture 
of  the  charge,  has  also  been  revealed. 

The  rate  of  combustion  of  composite  propellants  depends  on  the 
averagd  size  of  a  grain  of  oxidizer.  By  experimental  means  it  has 
been  found  [1]  that  with  a  constant  composition  of  a  composite  propellant 
and  identical  external  conditions  a  decrease  in  the  average  size  of 
a  grain  of  oxidizer  leads  to  an  increase  in  the  rate  of  combustion 
(Pig.  22.17). 

Fig.  22.17.  Influence  of  size  of 
particles  of  oxidizer  on  the  rate 
of  combustion  of  a  composite 
propellant:  size  of  particles: 

1  -  1-2  microns;  2-12  microns; 

3  -  35  microns. 


A  substantial  influence  is  exerted  on  the  characteristics  of 
composite  propellants  by  the  quality  of  mixing  of  fuel  and  oxidizer, 
which  again  depends  on  the  technology  of  production  of  the  charge. 

In  this  way  the  most  important  characteristic  of  a  solid  propellant, 
the  rate  of  combustion,  depends  on  the  conditions  of  production  of 
the  propellant  and  the  charge.  In  connection  with  this  the  character¬ 
istics  of  various  lots  of  one  and  the  same  propellant  can  differ  from 
one  another.  The  stability  feature  of  solid  rocket  propellants  is 
guaranteed  less  than  for  liquid  propellants,  and  this  is  their 
substantial  deficiency. 
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Ari  increase  of  weight  fraction  of  Inert  additives  (stabilizers, 
plastifiers,  and  others)  always  lowers  the  rate  of  combustion.  At 
the  same  time  by  introduction  of  small  amour ts  of  catalysts  into  the 
basic  propellant  composition  it  is  possible  to  noticeably  increase 
the  rate  of  combustion. 


22. 5.  Limits  of  Stable  Combustion 


Normal  stable  combustion  is  characterized  by  invariability  in 
the  rate  of  combustion  in  time,  or  by  its  smooth  change  according  to 
an  assigned  law.  The  stability  of  combustion  can  be  judged  based  on 
the  diagram  pressure  in  the  combustion  chamber  —  time  (Pig.  22.18). 
As  it  appears,  only  in  the  initial  period  of  ignition  of  the  charge 
can  there  be  a  peak  of  pressure,  then  the  pressure  changes  according 
to  the  necessary  law  without  any  fluctuations.  However,  normal 
stable  combustion  of  a  charge  of  solid  propellant  is  not  observed 
always,  but  is  limited  by  certain  limits  based  on  pressure  in  the 
combustion  chamber,  initial  temperature  of  the  charge,  and  other 
parameters . 


Fig.  22.18.  Nature  of  the 
diagram  pressure  -  time  during 
normal  combustion. 


One  of  the  characteristic  inadmissible  conditions  of  combustion 
is  anomalous  combustion  —  discontinuous,  consisting  of  several  flashes 
with  an  interval  between  them  from  fractions  of  a  second  up  to 
several  seconds.  The  pressure  —  time  diagram  under  such  conditions 
has  the  form  shown  in  Fig.  22.19. 
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Fig.  22.19.  Nature  of  the 
diagram  pressure  -  time 
during  anomalous  combustion. 


The  reason  for  the  appearance  of  anomalous  combustion  lies  in  a 
decrease  in  the  supply  of  heat  to  unreacting  propellant.  When  the 
amount  of  heat  supplied  becomes  inadequate  for  the  normal  course  of 
exothermal  reactions,  combustion  is  ceased.  Then  the  charge  can 
again  be  ignited  and  burn  a  certain  time,  then  be  extinguished,  and 
so  forth.  There  is  a  certain  value  in  this  mechanism  in  the  transfer 
of  heat  to  fuel  from  heated  elements  in  the  design  of  the  chamber. 

All  the  factors  which  promote  a  decrease  in  the  feeding  of  heat 
to  unreacting  fuel  increase  the  possibility  of  appearance  of 
anomalous  combustion.  It  is  most  important  that  it  appears  with  a 
decrease  in  pressure  lower  than  a  certain  limiting  one  for  the  given 
powder.  This  is  explained  by  the  fact  that  at  low  pressures  exothermal 
reactions  of  the  following  type  are  strongly  inhibited: 

2CO  + 2ND  — 2COj  + Nj  +  Q, 

2Hj  +  2NO  ->  2HaO  4-  N,  +  (?2. 

This  leads  to  a  decrease  in  the  preheating  of  the  propellant  and  to 
the  stopping  of  combustion. 

Conditions  of  anomalous  combustion  can  also  appear  even  at 
high  pressures,  if  the  combustion  surface  is  washed  by  a  gas  flow  of 
high  velocity.  In  this  Instance  normal  heat  supply  to  the  propellant 
is  disrupted  due  to  the  fact  that  exothermal  reactions  do  not 
succeed  in  flowing  completely.  The  probability  of  anomalous  combustion 
is  increased  for  long  charges,  the  velocity  of  ventilation  of  surface 
of  which  is  great.  Lowering  of  the  initial  temperature  of  the  charge 
also  Increases  the  probability  of  appearance  of  anomalous  combustion. 

It  is  obvious  that  conditions  of  anomalous  combustion  cannot  be 
operational  and  should  be  prevented.  This  imposes  specific  limitations 
on  the  lower  limit  of  pressure  in  the  combustion  chamber  and  on 
the  size  and  configuration  of  the  charge.  Tt  is  advisable  to  use 
propellants  which  have  low  values  of  a  limiting  pressure  which  is 
a  guarantee  against  anomalous  conditions.  In  this  respect  there 
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is  an  advantage  in  composite  propellants  for  which  Pmins£l  — 15  bar. 
Double-base  powders  have  higher  values  of  Pmin  (usually  >_35  tar;  . 

Stability  of  combustion  can  be  disrupted  in  the  range  of  operator, 
conditions  of  an  RDTT  as  a  result  of  a  nonuniformity  of  c-ombustion 
which  appears  sometimes.  Uneven  combustion  is  characterized  by  the 
appearance  of  secondary  peaks  of  pressure  (by  Pig.  22.20).  The  reason 
for  such  a  phenomenon  can  be,  for  example,  a  local  increase  in  the 
surface  of  combustion  —  a  crack  or  partial  failure  of  charge.  The 
appearance  of  cracks  and  a  reduction  in  the  strength  of  a  charge 
promote,  for  example,  a  low  initial  temperature  of  charge,  making 
the  charge  brittle.  As  a  result  of  high  initial  temperature  excessive 
plasticity  of  the  charge  and  reduced  strength  appear.  This  is 
undesirable  from  the  point  of  view  of  stability  of  combustion  and  to 
a  known  extent  limits  operational  range  of  temperature  for  the  charge. 


Fig.  22.20.  Nature  of  the 
pressure  -  time  diagram  in 
the  presence  of  secondary 
peaks . 


The  appearance  of  secondary  peaks  of  pressure  can  lead  to 
resonant  combustion.  The  resonant  effect  appears  between  variations 
of  pressure  in  the  combustion  chamber  and  the  rate  of  combustion 
depending  on  p.  The  result  is  low-frequency  variations  of  pressure 
with  a  high  amplitude.  The  nature  of  these  variations,  just  as  varia¬ 
tions  in  the  chamber  of  a  liquid-fuel  rocket  engine,  is  connected  with 
the  final  time  of  conversion  of  the  propellant  into  products  of 
combustion  (t  ) . 

/ip 


As  a  result  of  experimental  investigations  certain  qualitative 
regularities  have  been  exposed  in  the  uneven  combustion  of  composite 
rocket  propellants. 

The  index  of  the  tendency  of  a  solid  propellant  for  uneven 
combustion  is  the  magnitude  of  the  rate  of  liberation  of  energy, 
equal  to  the  product  of  the  mass  rate  of  combustion  by  the  calorific 
value  of  the  propellant  u^Hu  .  The  greater  the  rate  of  liberation 
of  energy,  the  greater  the  tendency  of  the  propellant  for  unstable 
combustion,  to  the  appearance  of  secondary  peaks  of  pressure.  The 
tendency  of  a  propellant  for  unstable  combustion  increases  with 
decrease  in  the  average  size  of  a  grain  of  oxidizer.  Nonuniformity 
of  distribution  of  the  oxidizer  in  the  propellant  also  increases 
the  probability  of  unstable  combustion. 

Negative  consequences  of  variations  of  pressure  during  unstable 
combustion  are  dangerous  overload  on  the  structure,  harmful  vibrations 
of  the  vehicle  and  an  increase  in  heat  transfer  to  the  walls. 

For  dealing  with  phenomena  of  unstable  combustion  semiempirical 
methods  are  usually  proposed.  These  include  selection  of  geometry 
of  charge,  preventing  resonant  acoustic  oscillations;  damping  of 
oscillations  with  the  help  of  an  increase  in  turbulent  viscous  friction, 
for  which  radial  openings  are  made  in  the  charge  or  additional  rods 
are  introduced  in  the  free  volume  of  the  combustion  chamber.  Numerous 
experiments  confirmed  the  favorable  effect  on  stability  of  the 
combustion  of  additives  of  aluminium,  magnesium,  and  other  metals 
included  in  the  propellant  in  the  form  of  a  fine  powder  [1]. 

Utilization  of  aluminium  in  composite  propellants  as  an  energy 
additive  simultaneously  solves  the  problem  of  preventing  acoustic 
oscillations  in  the  combustion  chamber  of  an  RDTT.  The  mechanism 
of  extinguishing  oscillations  consists  of  the  dissipation  of  acoustic 
energy  as  a  result  of  lagging  of  particles  of  condensate  from  the 
gas  which  form  as  a  result  of  the  combustion  of  aluminium. 
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The  phenomena  nf  unstable  combustion  in  principle  can  develop 
Into  detonation,  connected  with  a  spasmodic  increase  of  pressure, 
temperatures,  and  density  of  gas.  The  spontaneous  transition  of 
combustion  into  detonation  can  take  place  as  a  result  of  the  appearance 
of  a  strong  shock  wave,  which  initiates  the  explosive  transformation 
of  propellant  in  the  layer  subjected  to  compression.  If  the  Intensity 
of  the  shock  wave,  which  appeared  during  detonation  of  a  layer  of 
substance,  is  sufficient  to  cause  such  a  process  in  the  neighboring 
layer,  then  detonation  will  be  stationary. 

According  to  the  theory  of  Yu.  B.  Khariton  detonation  in  a 
condensed  system  can  proceed  steadily  if  the  duration  of  the  chemical 
reaction  in  the  front  of  the  detonation  wave  is  less  than  the  time 
in  which  the  pressure  in  the  front  of  the  same  wave  is  able  to  scatter 
the  reactive  substance.  Therefore  all  the  factors  increasing  the 
time  of  scattering,  for  example  an  increase  in  the  diameter  of  the 
charge,  facilitate  the  distribution  of  detonation.  After  exceeding 

IS 

a  certain  diameter  of  the  charge  which  is  critical  for  the  particular 
propellant  combustion  can  convert  into  detonation. 

Critical  factors  for  composite  propellants  are  the  nature  of 

the  components  and  their  relationship.  The  tendency  of  such  propellants 

for  detonation  increases  with  an  increase  in  the  content  of  oxidizer, 
on ,  ’ 

with  an  increase  in  pressure,  and  with  a  decrease  in  the  size  of 

crystalline  particles  of  the  oxidizer.  Conditions,  at  which 
s 

spontaneous  development  of  detonation  from  normal  combustion  is  possible, 
are  usually  determined  by  experimental  data. 
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CHAPTER  XXIII 
INTERIOR  BALLISTICS  OP  A  CHAMBER 

In  this  chapter  an  analysis  is  made  of  the  theoretical  bases 
for  calculating  the  parameters  of  the  mass  carrier  in  the  combustion 
chamber  of  an  (PATT)  [rdtT  —  solid  propellant  rocket  engine].  It  is 
assumed  that  the  necessary  information  about  the  solid  propellant 
(original  composition,  complete  enthalpy,  and  law  of  rate  of 
combustion),  geometrical  form,  and  sizes  of  the  charge  and  engine  are 
assigned. 


23.1.  Preliminary  Information 


The  historically  formed  concept  of  interior  ballistics  embraces 
the  totality  of  phenomena  taking  place  during  shooting  in  the  barrel 
of  an  Instrument  (weapon)  loaded  with  powder.  Relative  to  rocket 
engines  working  on  a  solid  propellant  interior  ballistics  considers 
the  gasdynamlcs  of  processes  in  the  chamber  of  an  engine.  The  basic 
mission  of  interior  ballistics  should  be  considered  the  determination 
of  pressure  in  a  combustion  chamber  and  the  per  second  consumption 
of  fuel  under  the  various  conditions  of  engine  operation. 

The  process  of  change  in  pressure  in  a  combustion  chamber  is 
usually  divided  into  three  periods  (Fig.  23. 1): 
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a)  t ^  -  period  (time)  of  warm-up,  including  the  time  of 
autonomous  combustion  of  the  igniter,  time  of  Joint  combustion  of 
the  igniter  and  basic  charge,  and  time  of  stabilization.  Duration 
of  the  warm-up  period  is  not  great  and  comprises  several  hundredths 
or  tenths  of  a  seconds; 

b)  t2  -  the  basic  period  of  engine  operation,  which  comprises 

a  large  share  of  engine  operating  time  and  is  approximately  equivalent 
to  the  time  combustion  of  the  charge.  The  parameters  of  the  mass 
carrier  and  the  engine  during  this  period  are  frequently  close  to 
constant; 

c)  t ^  -  period  of  aftereffect,  setting  in  after  combustion  of 
the  basic  part  of  the  propellant.  During  this  time  there  is  after¬ 
burning  of  remnants  of  the  charge  and  emptying  of  the  chamber,  and 
pressure  in  combustion  chamber  falls  to  the  pressure  of  the  environment. 

For  a  mathematical  description  of  the  change  in  the  parameters 
in  the  combustion  chamber  of  an  RDTT  for  all  three  periods  it  is 
possible  to  use  one  and  the  same  combination  of  equations.  However, 
as  a  result  of  evident  variability  the  calculation  of  pressure  curve, 
dependence  p  *  f(r)  -  for  the  first  and  third  periods  is  usually 
considered  specially. 


Fig.  23.1.  Change  in  pressure 
in  the  combustion  chamber  of  an 
RDTT. 


23 .2.  Pressure  and  Temperature  in 
a  Combustion  Chamber 

—  • 

r_e*:  us  examine  in  a  very  simple  formulation  the  problem  of 
calculation  of  pressure  and  temperatures  in  a  combustion  chamber  for 
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the  main  period  of  engine  operation.  We  will  consider  for  the  present 
that  pressure  and  temperature  are  identical  based  on  volume  of  the 
combustion  chamber  and  disregard  the  kinetic  energy  of  the  working 
medium.  Just  as  before,  we  will  assume  that  the  combustion  products 
are  an  ideal  (in  the  sense  of  equation  of  state)  mixture,  the  composi¬ 
tion  and  properties  of  which  are  determined  by  temperature  and  pressure. 

Pressure  in  the  combustion  chamber  p  ,  in  this  case  coinciding 
with  stagnation  pressure  pK*,  with  a  known  geometry  of  charge  and 
engine  can  be  found,  having  compiled  an  equation  for  balance  of  the 
working  medium: 


r  .  dG 

g«=Cc+1T' 


(23.1) 


where  Gh  —  quantity  of  combustion  products  formed  in  the  combustion 

chamber  in  1  s;  G  —  per  second  expenditure  of  working  medium  through 
HP  ® 

nozzle;  -  increase  in  the  quantity  of  gas  remaining  in  the  chamber 
(due  to  filling  of  volume  of  solid  propellant  with  burned  in  1  s . 


The  value  G  , 

n 

is  equal  to 


which  can  also  be  called  rate  of  gas  formation. 


G„=Q«e,.  (23.2) 

where  fi  -  complete  surface  of  combustion;  u  —  linear  rate  of 
combustion;  qt  -  density  of  solid  propellant. 

The  per  second  expenditure  of  working  medium  through  the  nozzle 
can  be  determined  by  the  formula,  valid  for  a  stationary  flow  with 
an  average  index  of  isentrope  n: 


Gc  =  A(n) 


(23.3) 


1 


c 


w 

c 
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Kao.'  of  the 
calculated  as: 


{-as  which  is  found  in  the  combustion  chamber  can  be 


re . 


G  — QkVcRi 


where  V  —  volume  of  combustion  chamber  occupied  by  products  of 

CB 

combustion  (volume  "free"  of  propellant);  qk  -  density  of  combustion 
products . 

Then 


dG  -  dV cB  I 

“  *K  I 

ilx  dx 


Inasmuch  as 


dV, 


dr 


(2  .4) 


(23.5) 


then  from  equation  (23.1)  with  a  calculation  of  equalities  (23.2)  and 
(23.4)  we  obtain: 


K c«  ~~  =(0T  ~ "  Ok)  —  G  c.  (23.6) 

(IX 

3* 

On  the  basis  of  analogical  reasonings  it  is  possible  to  write 
the  law  of  conservation  of  energy.  Change  in  enthalpy  of  gas  mass 
OkV'c  for  time  dT  with  a  consideration  of  the  function  of  expansion 
d(p  V  )  comprises: 

K  C  B 


^(^k/k)  =  (0t/t2«-  Ifiz)dx  ±d(p,V„), 

where  I,  I  -  complete  enthalpies  of  propellant  and  products  of 

l  H 

combustion  in  the  chamber  respectively. 

Differentiating  the  equation  of  energy 
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(23.7) 


».Vn  %  +  /.V„  t&-  -  ,.B«  -  HbL , 

-(«,', -e./.)es-/,c€ 


and  subtracted  from  it  the  product  of  equation  (23.6)  by  I  ,  we 
obtain 


vjfr  -  p.  flu  +</,  -  /.)e,a«. 


(23.8) 


Equations  (23.6)  and  (23.8)  make  it  possible  to  determine 
pressure  p  and  temperature  T  In  the  combustion  chamber.  Let  u. 

H  n 

reduce  these  equations  to  a  form  which  is  more  convenient  for 
calculations.  With  the  aid  of  known  thermodynamic  relationships 
(see  Table  7.1)  It  is  possible  to  write: 


(23.9) 


Having  substituted  the  last  equalities  in  equations  (23.6)  and 
(23.8),  inasmuch  as  ♦  ■  t ,  we  obtain  (for  simplicity  let  us  omit 
Index  "h") 

r 


Let  us  solve  the  noted  system  of  equations  relative  to  derivatives 
dp/dr  and  dT/dT,  using  in  the  conversions  the  thermodynamic 
relationship 


t-*\t 
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7) 


where  a 

P 


-  equilibrium 


velocity  of  sound. 


Finally  we  have: 


■  *  y  n 

—  =  7^-[(/t  — /)0T2tf  f  A>0«]  + 
rft  V,tc, 

+  aJT*r  l(0T-g)°tf-C«1- 


(23.10) 


(23.11) 


In  the  derivation  of  equations  (23.10)  and  (23*11)  we  did  not 
consider  the  losses  of  heat  in  the  combustion  chamber.  For  contemporary 
engines  these  losses  are  not  great  and  they  also  can  be  disregarded. 

With  known  initial  values  of  temperature  T0  and  pressure  p0, 
determined  in  general  by  a  calculation  of  the  period  of  ignition, 
t  the  system  of  equations  (23.10)  and  (23.11)  together  with  equation 

]  (2  3.5)  is  integrated  by  numerically  methods.  As  a  result  we  obtain 

dependences  p( x )  and  T(t)  and  other  parameters  of  the  engine. 

Pressure  and  Temperature  in  the  Case  of 
Constant  Composition  of 
Combustion  Products 


1  ves 


For  a  working  medium  of  constant  composition  the  system  of 
equations  (23-10)— (23- 11)  is  substantially  simplified.  In  this 
instance 


P' 

Cm 


apT  1:  hr  1: 

kR 

'  —  !  r'  = 
t\ 

\  rjll  ^  <  AK,  -  /•). 


*  —  I 


:  A'  — cou«f. 


(2  3.12) 


Using  the  noted  relationships  and  formula  (16.1),  we  reduce 
the  system  of  equations  (23.10)-(23.11)  to  such  a  form: 


L  [kRTl.fi^u  -  kRTGc  -  pQu\  ;  (23.13) 

ax  v  CN 

%  K WPT\,- T)  Qetu-(*-  D7-0.1.  (  2  3  •  m  ) 


Frequently  when  solving  problems  of  interior  ballistics 
temperature  change  in  the  combustion  chamber  is  disregarded.  With 
T  ■  const  from  equation  (23. Ill)  it  follows  that: 


e,«  -  TQq,u  +(*  - 1)  TGt.  (23.15) 

Having  subt  tuted  in  expression  (23.12)  the  equation  (23.15) 
and  having  taken  temperature  T  equal  to  the  temperature  in  the 
combustion  chamber: 


r-ilrl, , 


finally  we  obtain: 


dJL 

ax 


A  (”)  Kc 


nMu 


(23.16) 


With  assigned  values  of  burning  surface,  rate  of  combustion 
u(p),  coefficient  4  ,  initial  values  =  ,  fl  ,  p  .  equations 

C  B  •  H  a  H  H  cJH  B 

(23*5)  and  (23.16)  are  integrated  by  numeral  methods. 

Equilibrium  Stationary  Pressure  and 
Temperature  at  a  Constant 
Burning  Surface 

In  the  case  of  a  constant  burning  surface  there  is  the  possibility 
of  steadystate  operation  the  engine,  characterized  by  conditions: 


.13) 
•  I'D 

th 

.15) 

5) 


.16) 

one 


1,1  II;  7  II;  h,  '.full  --*<.■//  (  2  3  .  1  7  I 

/ 1  M 

or 

y  const;  p  roust.  (23.18) 

Equating  the  right  sides  of  equation  (23.13)  and  (23.1*0  to  zero 
and  using  conditions  (23.17)  and  formula  (23.13) >  we  obtain  calculation 
formulas  for  determination  of  stationary  values  of  temperature  and 
of  pressure: 


p 


FKp  -pu 

,PA(n)pcp\  RT 


(23.19) 

(23.20) 


Let  us  substitute  the  temperature  from  equation  (23.19)  in 

equation  (23.20)  .  Then  equation  (23.20)  at  assigned  F  and  0 

HP 

will  contain  one  unknown  -  pressure,  which  can  be  found  by  the 
method  of  successive  approximations. 

With  the  help  of  the  equation  of  state  we  estimate  the  value 
of  separate  component  in  expressions  (23.19)  and  (23.20): 


k  —  1  ^  £ k  —  |  j.  _ 

k  Rq,  k  Qj  ' 


pu—iiRTu. 


Inasmuch  as  then  the  value  of  this  member  can  be  disregarded 

in  comparison  with  and  k4,hRTliQ,u  respectively.  Considering 

expression  (16.1)  and 


u~Bp'.  ^\‘ RT[,  A(n)?, 


from  equations  (23.19)  and  (23.20)  we  finally  obtain  the  value  of 
stationary  pressure  in  the  combustion  chamber: 


P- 


(23.21) 


c 

c 

A 


The  last  relationship  makes  it  possible  to  establish  certain 
fundamental  characteristics  of  interior-ballistic  processes  in  an 
RDTT. 


Stability  of  Pressure  in  a  Combustion  Chamber 
Pressure  p  ,  determined  by  equation  (23.21),  answers  a  case  of 

K 

equality  of  gas  formation  and  gas  discharge  through  a  nozzle.  It  is 
possible  to  show,  however,  that  this  pressure  is  not  always  steady. 

In  Pig.  23.2  in  the  function  of  pressure  the  dependence  is  shown 
for  the  expenditure  of  gas  through  nozzle  with  F  ■  const,  determined 
by  formula  (23-3)»  and  gas  formation,  determined  by  formula  (23-2). 
Dependence  of  gas  formation  on  pressure  is  given  in  two  cases  at 
v  <  1  and  v  >  1.  In  both  cases  at  point  A  we  have  equality  G  ■  G  , 

K  C 

i.e.,  an  equilibrium  condition.  At  v  <  1  this  condition  is  steady, 
because  random  oscillations  of  pressure  to  both  sides  from  p  are 

K 

restored  without  external  pressure.  If,  ^or  example,  state  p  >  pH 
appears,  then  the  expenditure  of  gas  through  nozzle  will  exceed 
gas  formation  and  pressure  again  will  be  brought  down  to  pH .  If 
p  <  pH,  then  equilibrium  will  be  restored  because  of  an  excess  of 
gas  formation  over  gas  discharge  in  this  range. 
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Pig.  23.2.  Determination  of 
stability  of  pressure  in  a 
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At  v  >  1  such  self-regulation  does  not  occur,  and  any  random 
deviation  from  pu  increases  irreversibly,  leading  either  to  cessation 

H 

of  combustion  or  to  failure  of  the  chamber.  Equilibrium  at  point 
A  with  v  >  1  is  unstable. 

Thus,  for  stability  of  pressure  in  a  combustion  chamber  one 

equality  of  gas  formation  and  of  gas  discharge  is  insufficient. 

Stability  is  determined  by  the  relationship  between  dG  /dp  and  dG  /dp, 

characterizing  the  rate  of  change  in  gas  formation  G  and  gas  discharge 

3  with  a  change  in  pressure  in  the  combustion  chamber.  If  with 
c 

equality  of  G  and  G  gas  formation  increases  with  pressure  more  rapidly 
than  gas  discharge,  then  the  condition  in  the  combustion  chamber  is 
unstable.  Hence  it  follows  that  for  utilization  in  an  RDTT  the  only 
suitable  fuels  are  those  which  have  v  less  than  a  unit. 

The  stability  p  described  here  with  respect  to  small  random 

H 

deviations  from  equilibrium,  which  is  characteristic  for  fuels  with 
v  <  1  does  not  exclude  the  possibility  of  the  appearance  of  periodic 
oscillations  during  resonant  combustion. 

The  absolute  value  of  equilibrium  pressure  in  a  combustion 

chamber  depends,  as  can  be  seen  from  equation  (23.21),  on  the 

properties  of  the  propellant  and  on  the  ratio  of  combustion  surface 

to  the  area  of  critical  section.  For  a  given  propellant  with  constant 

1 

initial  temperature  of  charge  the  value  (Bqi$)'~'  can  be  considered 
constant .  Then 


pu  const 


(2 3.22) 


In  the  case  when  the  area  of  critical  section  of  the  nozzle  is  constant, 
expression  (23-22)  shows  that  the  pressure  in  the  combustion  chamber 
is  proportional  to  the  combustion  surface  in  the  degree  1/(1  -  v). 
Pressure  In  the  combustion  chamber,  depending  on  the  combustion 
surface,  changes  more  sharply  when  propellants  with  large  values  of 
v  are  used.  Thus,  for  instance,  with  a  change  in  the  combustion 


surface  by  10?  pressure  In  the  combustion  chamber  changes  by  17%  for1 
a  propellant  with  v  =  0.4  and  by  37%  for  a  propellant  with  v  =  0.7. 

Dependence  of  Pressure  on  the  Initial  Temperature 

of  the  Charge 

We  will  now  explain  the  dependence  of  pressure  in  the  combustion 
chamber  on  the  initial  temperature  of  the  charge  t  .  It  has  been 

H 

accepted  to  characterize  this  dependence  by  the  coefficient  of 
temperature  sensitivity  of  pressure  in  the  combustion  chamber 
determined  by  the  formula 


Pn  W^H/B/^KP 


(23.23) 


Index  fl/pHp  shows  that  coefficient  of  temperature  sensitivity  of 

pressure  ir  is  determined  at  a  constant  value  of  Q/F  .  Coefficient 
P  HP 

(ir  )o/u  is  measured  in  percentage  of  change  in  pressures  for  one 
p  “/Fkp 

degree  of  change  in  initial  temperature.  Its  order  is  of  fractions 

* 

of  a  percent. 

\ 

Logarithmizing  and  differentiating  equation  (23.21),  in  which 
and  8  they  do  not  depend  on  tH>  we  obtain: 


(23.24) 


from  which  it  follows  that  sensitivity  of  pressure  in  a  combustion 
chamber  to  initial  temperature  of  charge  is  higher  for  propellants 
with  greater  values  of  v. 

The  basis  of  dependence  (23.24)  is  equation  (23.21),  which  was 
obtained  under  the  assumption  p  =  const.  Consequently,  in  this 
instance  we  can  write: 
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1 


(23-?5) 


In  Chapter  XXII  the  change  in  the  rate  of  combustion  based  on 
the  initial  temperature  of  the  charge  at  a  constant  pressure  was 
described  by  the  coefficient  of  temperature  sensitivity  of  combustion 
rate : 


or  with  an  exponential  law  of  rate  of  combustion 


j_  (dJL) 

B  \df||/ p  \  /  p 


Prom  a  comparison  of  the  last  expression  with  expression  (23.24) 
it  follows  that 


(np)«/\p  (n«)p-  (23.26) 

This  means  that  a  change  in  pressure  in  a  combustion  chamber  with 
a  change  of  t  is  greater  than  a  change  for  this  same  reason  in  the 
rate  of  combustion  at  p  =  const.  The  greater  that  v  is,  the  more  than 
( ttu )  exceeds  (it  •  The  point  is  that  an  increase  in  the  linear 

K  p 

rate  of  combustion  with  an  increase  of  t  leads  to  an  increase  in  gas 

H 

formation.  At  ft/ F  =  const  this  is  accompanied  by  an  increase  in 

H  p 

pressure,  due  to  which  there  is  an  increase  in  the  rate  of  combustion 
and  rate  of  gas  discharge.  A  new  equilibrium  state  is  established 
at  a  higher  p  .  Figure  23.3  shows  the  change  in  gas  formation  and 
gas  discharge  at  various  initial  temperatures  of  charge  and  the 
related  change  of  equilibrium  pressure  in  the  combustion  chamber. 
Figure  23.4  gives  the  ratios  of  pressure  pu  at  various  values  of 

n 

t  to  pressure  at  15°C.  The  value  of  ft/Fur  is  constant.  Values  of 
index  v  for  considered  propellants  1,  2,  3,  and  4  are  connected  by 


590 


the  relationship  >  v2  >  v3  >  vi|*  As  can  be  seen  from  these 
examples,  in  the  ordinary  operating  range  of  charge  temperatures  the 
change  of  p  can  be  very  considerable,  especially  at  large  v.  Por 
obtaining  stable  characteristics  of  an  RDTT  over  a  wide  range  of 
tH  in  accordance  with  expression  (23*26)  a  low  temperature  sensitivity 
of  combustion  rate  is  necessary  and  small  values  for  the  index  in 
the  law  of  combustion  rate.  In  this  sense  it  is  preferable  to  have 
composite  propellants. 


Pig*  23.3.  Dependence  of 
pressure  in  a  combustion 
chamber  on  the  initial  temper¬ 
ature  of  the  charged 


Pig.  23*4.  Relative  change 
in  pressure  In  a  combustion 
chamber  depending  on  the  t 

H 

for  various  propellants. 
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Equation  (23  21)  can  be  solved  relative  to  fl/F  : 

wp 


« 


(23.27) 


The  nature  of  this  dependence,  which  can  be  obtained  experimen¬ 
tally,  is  shown  in  Fig.  23-5.  Using  such  a  chart,  it  is  possible  to 
find  the  values  fi/FHp  which  are  necessary  for  achievement  of  assigned 
pressure  p  in  the  combustion  chamber. 

K 


Fig.  23-5.  Dependence  of  ratio 
fi/F  on  pressure  in  a  combustion 

H  p 

chamber  (t  *  const). 

H 


Although  formula  (23-21)  is  valid  only  for  charges  with  a 
constant  combustion  surface  fi,  the  practice  of  calculations  shows 
that  in  most  cases  it  gives  acceptable  accuracy  even  with  a  variable 
combustion  surface. 


23.3.  Change  in  Parameters  of  Flow  Alom 
the  Length  of  a  Charge  and  in  Time 


Model  of  Calculation 


Let  us  take  into  account  the  movement  of  combustion  products, 
variability  of  rate  of  combustion,  pressure,  and  other  parameters 
of  flow  in  a  combustion  chamber.  We  will  consider  movement  one¬ 
dimensional,  and  combustion  products  —  a  ideal  (in  the  sense  of 
equation  of  state)  working  medium. 
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The  velocity  of  combustion  products  w  increases  in  proportion 
to  their  advance  from  the  front  end  of  the  charge  to  the  nozzle.  In 
connection  with  this  static  pressure  along  the  surface  of  the  charge 
should  drop  and,  consequently,  the  rate  of  combustion  should  diminish. 
On  the  other  hand,  an  increase  of  velocity  w  can  facilitate  an  increase 
in  the  rate  of  combustion,  i.e.,  an  increase  in  gas  formation.  With 
a  constant  area  of  critical  section  of  the  nozzle  this  leads  to  an 
increase  in  pressure.  In  this  way  an  increase  of  velocity  of  flow 
along  the  charge  has  a  univalued  effect  on  static  pressure  and  a 
mutually  opposite  effect  on  rate  of  combustion.  In  a  section  at  a 
certain  distance  from  the  front  end  of  the  charge  the  static  pressure 
is  always  less  than  p-j^  (Fig.  23.6),  and  rate  of  combustion  can  be 
either  more  or  less  than  in  section  1-1,  depending  on  what  prevails  — 
a  lowering  of  pressure  or  erosion  combustion. 


Fig.  23.6.  Change  in  static  pressure 
and  velocity  of  flow  lengthwise  in  a 
charge. 


The  section  of  the  nozzle  end  of  the  charge  T-T  in  general  does 
not  coincide  with  input  section  k-k  lattice  (diaphragm)  retaining  the 
charge  can  be  installed.  On  sector  T-h  there  is  a  change  in  pressure 
and  velocity  of  combustion  initially  because  of  sudden  flow  expansion, 
and  then  -  due  to  its  contraction  at  the  entrance  to  the  lattice. 

Along  with  a  change  in  parameters  of  flow  along  the  charge  there 
is  a  change  in  them  with  time,  i.e.,  in  general  the  processes  in  the 
chamber  of  an  RDTT  are  nonstationary.  This  is  explained  by  a  change 
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in  the  combustion  surface  and  the  geometry  of  the  flow  part  as  a  result 
cf  burning  out  of  the  charge.  For  charges  with  an  arbitrary  diametrical 
section  with  generators  parallel  to  the  axis  quantity  of  combustion 
products  which  form  on  the  surface  116 x  in  time  6x  is  equal  to 


£>,IIh?JC?T  =qt  - SxSt  =0t  7—  llhX&T, 

ox  ox 


(23.28) 


where  n  —  perimeter,  along  which  combustion  takes  place;  F  -  area  of 
cross  section,  free  for  passage  of  gases. 

Total  variation  of  any  hydrodynamic  quantity  4>  for  time  dx  in 
the  case  of  one-dimensional  nonstationary  motion  is  determined  with 
the  help  of  a  substantive  derivative 


rft  dx 


(23.29) 


Considering  not  only  the  local  variation  in  quantity  $  for  time  dx , 
but  also  its  change  as  a  result  of  a  change  of  position  in  space. 

Fundamental  Equations 

Let  us  take  equations  of  continuity,  movement,  and  energy  for 
a  case  of  one-dimensional  flow  of  combustion  products  in  the  channel 
of  an  RDTT  charge.  For  this  let  us  examine  the  elementary  volume 
aabb  (Fig.  23.7),  the  position  of  points  a  and  b  of  which  at  the 
moment  of  time  x  is  equal  to  x  and  x  +  6x,  and  at  moment  of  time 
x  +  6x  (points  a'  and  b')  respectively  x  +  w5x  and  x  +  6x  +  (w  + 

d  W 

+  ^-6x)6t.  The  mass  of  combustion  products  in  elementary  volume 
aabb  comprises  : 

at  the  moment  of  time  x  - 


at  the  moment  of  time  x  +  6x 


■(,+•,)_(,+£ .,)  (/>+£*)(>+ £•  »)  “• 


9  w 

where  [1  ♦  (^-)6x]6x  -  distance  between  points  a'  and  b'  at  the 
moment  of  time  t  +  jr. 


Pig.  2 3.7.  To  the  derivation  of 
equations  of  interior  ballistics. 


The  change  in  the  quantity  of  combustion  products  in  volume  aabb 
is  conditioned  by  combustion  on  the  surface  116 x .  Accordingly  the 
continuity  equation  has  the  form 

% 

m(«+»t)— m(t)— Wt 

Or,  with  allowance  for  equations  (23-28),  (23*29),  and  the  formulas 
for  m(x)  and  m(T  ♦  6x): 

£  +  (23.30) 

&%  dx  dx  F  dx  F 

The  motion  equation  is  derived  in  the  same  manner.  Change  in 
the  quantity  of  motion  K(x  ♦  6x)  -  K(t)  for  time  6x  comprises: 
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(F+£ *T)(C+S  8x)(*  +  ^8t)  + 


and  resultant  force  of  pressure  and  friction  is  equal  to 


f,-(f+£u)(,+£u)-n„,„u. 


Equating  the  noted  expressions  and  considering  equalities  (23.28) 
and  (23.29),  we  obtain: 


J-n^. 

or  dx  q  dx  qF  qF  w 


(23.31) 


where  II  —  perimeter  of  contact  of  moving  gas  with  the  surface 
(moistened  perimeter)  section  x. 

Por  derivation  of  the  energy  equation  we  will  use  the  ordinary 
differential  relationship 


d£*-6Q— M.  (23-32) 

where  dE*  —  change  in  complete  energy  (internal  and  kinetic)  for 
time  6t;  6Q  —  elementary  quantity  of  heat,  entering  the  sy^  m 
in  time  6t;  6A  —  elementary  quantity  of  work  being  accomplished 
by  the  system  in  time  6r. 

Inasmuch  as  the  equation  of  energy  in  form  (23.32)  is  valid  for 
systems  with  constant  mass,  for  such  a  system  we  should  write  it: 
products  of  combustion  of  volume  aabb  plus  burning  solid  propellant, 
the  volume  of  which  (j^-)6x6t  -  for  moment  of  time  t,  and  products  of 
combustion  of  volume  a’a'b'b'  —  for  moment  of  time  t  ♦  6t.  Accordingly 


complete  energy  of  the  system  at  moment  of  time  x  - 


qFFIx+v,  : 

O  T 

complete  energy  of  the  system  at  moment  of  time  t  +  fix  — 


('+S-  *’)  *’)  (r +S  *)  (' + 1 ")  ** 


work  of  forces  of  pressure  on  boundaries  of  the  system  — 

heat  returned  to  the  chamber  walls  - 

where  Il^fix  —  elementary  surface,  through  which  there  Is  ^heat  release. 

S' 

Let  us  substitute  the  noted  expressions  for  complete  energy, 

6Q  and  6A  In  equation  (23- 32 ) .  Considering  the  earlier  derived 
equations  and  motion,  we  obtain  the  equation  of  energy: 


dl_ 

dt 


=  n* 4-  — 

9‘\  a  *, )  qf 


+  J_i£+.5.  *  _5*!. 

Q  q  dx  qF 


(2  3-  33) 


In  equations  (23-30),  (23*31),  and  (23*33)  derivatives  of  several 
thermodynamic  parameters  are  used:  p,  v,  T,  I.  The  equation  of  state 
and  general  thermodynamic  relationships  make  It  possible  to  be  limited 
to  derivatives  of  two  functions,  for  example,  pressure  and  temperature. 
For  this  let  us  use  equalities  (2 3*S)  (I  —  coordinate  x  or  time  x). 
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Finally  we  obtain  a  system  of  equations  for  interior  ballistics 
of  an  RDTT  with  an  allowance  for  nonstationary  motion  of  comoustion 
products : 


aer 


-  w-\- 

-  CQ- 

(- 

.  oT  \ 
■  w  — 

+  0- 

Vi  — 9 

n«- 

qw  dF 

(23. 

.34) 

dx  1 

*  P 

V  fa 

dx) 

dx 

F 

F  dx  ' 

1  dp  ,  dir 
0  dx  '  dx 

+  «’ 

dw 

—  S3  - 

dx 

^n-i 

qF 

Rrp^ci 

Jf" 

(23- 

35) 

»(- 

dT  ’ 

-+-  W - 

USrL 

II 

n«  -f  — 

(23- 

.36) 

dx  ) 

1  '  i 

dx  i 

1  C? 

eF 

qF  ' 

where  «  =  /,  —  / 4-^-  +  -^-  • 

2  fr 

The  unknowns  being  determined  here  are  functions  p (“f,  x),  T(t,  x), 
w(t,  x) .  Their  values,  in  turn,  make  it  possible  to  find  all  the 
remaining  quantities:  equilibrium  composition  and  properties  of 
combustion  products,  rate  of  combustion  of  solid  propellant,  and 
others . 


Initial  and  Boundary  Conditions 

Let  us  examine  the  posing  of  initial  and  boundary  conditions,  which 
must  be  satisfied  by  the  solution  of  a  system  of  equations  in  partial 
derivatives  (23. 34)-(23. 36) .  First  of  all  we  establish  the  geometrical 
boundaries  (sections  0-0  and  N-N  in  Fig.  23.6),  inside  of  which  the 
solution  is  sought.  If  the  face  of  the  charge  is  not  restricted,  then 
in  accordance  with  the  recommendations  of  work  [of  33  distance  of 
sections  0-0  and  N-N  from  the  ends  of  the  charge  should  be  more  than 
the  thickness  of  the  dome.  Then  with  the  flow  of  time  sections  0-0 
and  N-N  will  remain  fixed.  Values  of  variables  in  these  sections  we 
will  note  respectively  by  Indexes  0  and  N. 

Let  us  designate  the  average  values  of  unknown  state  parameters 
for  the  area  left  of  section  G-0  as  p^,  T^.  If  we  disregard  the 
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average  value  of  velocity  of  flow  In  the  zone  left  of  section  x  *  xQ, 
then  for  determination  of  quantities  p^  It  Is  possible  to  use  the 
system  of  equations  ( 23 - 10 )— (23-11) •  In  this  case  values  V  ,  n, 
relate  only  to  the  zone  left  of  section  x  *  xQ  and  expenditure  Is 
equal  to 


(23.37) 

For  determination  of  parameters  In  section  x  ■  xQ  in  addition 
to  equation  (23.37)  It  is  necessary  to  write  the  equations  of  pulses 
and  energy 

Fi“Fo  +  «b»i:  (23-38) 

Wt+Y-  (23-39) 

In  this  way  the  modified  system  of  equations  (23.10)-(23-ll) 
together  with  equations  (23- 37)— (23- 39 )  establishes  the  necessary 
bond  between  quantities  pQ,  TQ  and  w,  i.e.,  the  boundary  condition 
for  section  x  •  xQ. 

The  boundary  condition  at  the  nozzle  end  of  th&  charge  at  i  •  x^ 
is  reduced  to  establishment  of  a  bond  between  parameters  of  flow  at 
the  entrance  to  the  nozzle.  However,  in  the  zone  between  the  section 
x  »  xN  and  the  entrance  to  the  nozzle  already  It  is  impossible  to 
use  the  averaging  of  parameters  based  on  volume  of  the  zone.  As  an 
acceptable  assumption  within  the  framework  of  the  one-dimensional 
theory  [3]  It  Is  possible  to  use  the  condition  of  quasi-statlonary 
state,  i.e.,  to  consider  mass,  pulse,  and  energy  of  working  medium 
in  the  zone  considered  as  constant,  and  motion  In  the  nozzle  - 
lsentroplc  and  quasl-stationary . 

Then  the  dependence  *  M^ff^),  and  equations  of  continuity, 
pulses,  and  energy  In  Integral  form  make  It  possible  to  establish  the 
boundary  conditions  for  the  nozzle  end  of  the  charge. 
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As  initial  conditions  it  is  recommended  to  take  such  a  distribution 
of  parameters  p,  T,  w  lengthwise  in  the  charge  at  which  a  critical 
rate  is  established  in  the  throat  of  the  nozzle.  Such  data  can  be 
obtained,  for  example,  from  calculations  of  quasi-stationary  motion. 

Integration  of  system  of  equations  (23  - 31*)  —  (23-36)  even  when 
using  computer  equipment  is  very  laborious,  therefore  in  the  absence 
of  reliable  data  on  thermodynamic  and  thermal-physical  properties  of 
combustion  products  and  on  the  combustion  rate  of  a  solid  propellant 
calculation  of  ballistic  parameters  of  an  RDTT  with  allowance  for  a 
nonstationary  state  is  hardly  Justified.  The  theory  of  nonstationary 
processes  is  used  more  frequently  for  studying  special  questions  of 
RDTT  ballistics  (wave  processes,  stability  of  performance,  and  others). 

Calculation  of  Parameters  of  Plow  for 
Quasi-Stationary  Motion 

We  will  simplify  the  system  of  differential  equations  (23- 31*)- 
(23-36).  For  this  we  make  the  following  assumptions:  motion  is 
quasi-stationary  (stationary  during  interval  6t),  that  is 

^-0;  ^--0;  ^-0;  (23.1*0) 

Cft  vX  </T 

composition  of  the  working  medium  is  constant  (equalities  23.12  are 
valid);  friction  and  heat  exchange  with  the  walls  are  absent;  the 
area,  free  for  passage  of  gases,  is  constant  on  the  sector  between 
x  ■  xQ  and  x  *  xN  and  is  equal  to  Fq;  the  density  of  combustion 
products  is  negligibly  small  in  comparison  with  density  of  propellant, 
that  is 

(23-1*1) 

^he  totality  cf  the  enumerated  assumptions  makes  It  possible  to  write 
system  of  partial  differential  equations  ( 23 . 3** )-(  23 . 36 )  in  the 
following  form  [3]: 
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«'  (p«) _ Orff  . 

dx  F  rtx  ' 

1  dp  ,  _  QTttu  rfU 

p  dx  dx  qF  dx 

wdJ-  +  kpi 2  - IkRTl,  +  •*)  M  "  . 

d  x  '  "  dx  \  T  2  I  F  dx 


(23.42) 

(23.43) 

(23.44) 


In  solving  a  system  of  ordinary  differential  equations  (23-42)— (23-44) 

relative  to  derivatives  4^-  and  4^.  let  us  reduce  it  to  the  form 

dx  dx 


it 

dm 


kpw  +  «•  + 


djvw)_ 

dm 


i±J 

2 


lBr.  *  +  l 
*^•1  +  ~y~ 


(23-45) 

(23.46) 


We  multiply  equation  (23.46)  by  qv  and  add  it  termwise  to  equation 
(23.45).  Adding  9m  to  both  parts  of  the  resulting  equation  we  have 

S’ 

# 

/ 

In  this  way  during  flow  of  a  gas  in  the  channel  of  an  RDTT  charge 
the  ordinary  equation  of  pulses  is  valid  In  integral  form: 

p  court  *■=/»,.  (23.47) 

which  is  conditioned  by  the  absence  of  influx  or  pulse,  directed 
along  axis  x. 

Now  let  us  substitute  value  p  from  equation  of  pulses  (23.47) 
in  equation  (23*46)  and  perform  Integration  at  initial  conditions, 
i.e.,  at  *-*o.  ff-eo.  »-&•».  As  a  result  we  obtain 

«,»- - (23.48) 

k*Ki  +  — j-  »3 
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and  from  equation  (23.47)  with  allowance  for  equality  (23.43) 


P  = 


Pi 


k  —  I 


.  * + 1 


(23.49) 


where 


c  =  Oo«u  ( «'o)  — 


(23.50) 


Equations  (23.42)  and  (23-47)  make  it  possible  to  write 


F 


kp  -  Utr- 


*KT'„  +  ^ 


dw. 


Using  the  found  pa-  and  p,  finally  we  obtain: 


7*  .  (*#C  •’)-<*  +  l)«r 

J i  '  J.)-  -• 


(23.51) 


where  —  complete  burning  surface  between  bottom  of  chamber  and 
section  x  *  xN;  nQ  -  complete  burning  surface  between  bottom  of 
chamber  and  section  x  ■  Xq . 

The  values  of  quantities  pQ ,  wQ ,  TQ ,  necessary  for  determination 
of  constant  of  integration  c,  we  find  from  the  system  of  equations 
(23.37)— (23. 39 )  using  the  additional  relationships: 

Co-i-’ol1."#:  (23.52) 

t, (23.53) 
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where  uQ  ■  f(p^)  —  rate  of  combustion  of  propellant  in  the  zone 
left  of  section  x  .»  Xq. 

As  a  result  we  obtain  the  following  calculation  expressions: 

( 23- 5*1) 

(23.55)  . 

(23.56) 

The  bond  between  parameters  in  section  x  ■  and  the  MH  number 
at  the  entrance  to  the  nozzle  in  the  absence  of  a  diaphragm  can  be 
obtained  from  the  condition  of  quasl-statlonary  state.  The  eulation 
relationship,  the  derivation  of  which  is  presented  in  work  [3],  has 
the  form: 


<MV 

**  -  V -  a  O  +  i)  (ti^ 

(*  +  l)#o»# 

P\  +  V (»#i)*  —  2  (*  +  1)  (oo^o)’ 


(23.57) 


where  Qt  —  complete  burning  surface  in  the  zone  right  of  section 
x  *  Xjjj  Uj,  —  average  rate  of  combustion  in  the  zone  right  of  section 
x  *  xM;  P  —  area  of  combustion  chamber  at  entrance  to  the  nozzle. 

N  K 

The  magnitude  of  Mh  Is  determined  with  the  help  of  gas-dynamic 
function  q( \) : 


*+i 


(.23.58) 
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arid  Che  parameters  at  the  entrance  to  the  nocsle  according  to  formulae : 


(23*59) 

(23.60) 

(23.61) 

(23.62) 

(23.63) 

Now  the  calculation  of  ballistic  parameters  of  an  RDTT  according 
to  the  theory  of  quasl-statlonary  flow  can  be  presented  In  the 
following  manner. 

a)  let  us  assign,  for  example,  according  to  formula  (23.11)  the 
value  of  pressure  at  the  front  bottom  nf  the  chamber  p^  and  determine 
the  quantities  wQ,  pQ,  OqWq,  c  based  on  the  expressions  given  above. 

b)  using  the  law  of  combubtlon  rate  u  ■  u(p,  T,  w),  by  a 
numerical  method  we  seek  the  values  of  the  Integral  In  expression 
(23.51)*  Integration  based  on  rate  is  continued  until  the  Integral 
does  not  correspond  with  the  quantity  CT(nN"8g)'  The  value  of  the 
upper  limit  gives  to  us  the  necessary  magnitude  of  rate  wN> 

c)  If  value  Pj^  was  selected  correctly,  then  it  should  satisfy 
equation  (2 3.57).  Otherwise  It  Is  necessary  to  change  the  magnitude 
of  pressure  p^. 

d)  In  the  case  of  correct  selection  of  pressure  at  the  bottom 
of  the  chamber  p1  by  the  formula  (  2  3 .  lj9  ) -(  2  3 .6  3 )  wo  determine  the 
parameters  at  the  entrance  to  t.h**  nozzl**,  and  wltn  their  help  all  the 


f  pit 


remaining  charade  riot i  c::  of  t.:ic  cnarber .  •;.  I u*.  l:;  th#  r-lpht  chii- 

of  express ion  ;?3-5»)  the  current  value  <>f  surface  ••ml  of 

W^,  we  determine  the  velcclty  3hape  of  flow  and  of  other  parameters 

lengthwise  ir.  the  charge  on  the  sector  from  x  ■  xn  to  x  «*  x., 

U  N 

e)  considering  now  that  during  the  interval  6x  the  flow  parameter 
are  constant ,  we  determine  the  change  in  the  geometry  of  the  charge 
as  a  result  of  burning  out.  After  this  the  calculation  is  repeated 
for  moment  of  time  t  +  ox. 

Calculation  of  the  ballistic  characteristics  of  an  RDTT  with 
allowance  for  motion  of  combustion  products  is  rather  laborious  and 
is  usually  done  on  an  EVM. 

2 3 . t ,  Interior  Ballistics  of  Transitional 
Processes 


Let  us  examine  briefly  the  characteristics  of  utilization  of 
equations  of  interior  ballistics  for  the  following  transitional 
processes  in  an  RDTT:  ignition  and  approach  of  engine  to  operating 
condition,  outflow  from  a  RDTT  chamber  after  completing  of  combust!^ 
of  the  charge.  \ 

As  the  basis  we  will  use  the  methods  of  work  [ 3 1 • 

Ignition  and  Approaching  Operating  Conditions 

In  the  derivation  of  equations  of  interior  ballistics  for  the 
ignition  period  it  is  necessary  to  consider  the  difference  between, 
ballistic  and  thermodynamic  properties  of  tne  igniter  (black  powd«  . 
pyrotechnic  composition)  and  the  basic  charge.  Inasmuch  as  for  a 
specific  period  of  time  the  igniter  burns  simultaneously  with  the 
main  charge,  the  of  interior  ballistics  have  to  be  written 

for  a  combined  charge,  consisting  of  several  types  of  propellant. 


Assume  that  in  a  RDTT  chamber  (m-1)  components  are  used.  Let  us 
designate  by  gm  the  weight  1'raction  of  initial  air  present  in  the 
chamber,  g^  —  weight  fractions  of  various  kinds  of  solid  propellant 
(further  the  properties  of  these  propellants  are  also  noted  by  index 
i). 


Weight  fractions  of  components  satisfy  the  obvious  equalities 


«— 1 

£m+  £*/  =  !• 


(23.64) 


The  equation  of  interior  ballistics  for  a  combined  charge  can 
be  obtained  by  generalization  of  equations  (23.1)  and  (23*7).  With 
consideration  of  the  equation  of  state  they  have  the  form: 


-£  «,  /.a- 


(23.65) 

'  •  J.66) 


If  we  write  equation  (23.65)  for  each  of  the  components  in  the 

form 

tnen  with  the  help  of  equation  (23.65)  it  is  possible  to  obtain  the 
dependence  of  weight  fractions  on  time 


V  2.  dJL 

cmRT  ax 


2<Ct  /«/*i  ~  iff  ^  ^iQr  ,11/8/. 


(23.67) 
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By  Introduction  of  coefficients  and  6  it  is  possible  to 
consider  the  nonslmultaneous  nature  of  ignitions  of  individual  types 
of  solid  propellant  (for  example,  the  igniter  and  the  main  charge) 
and  delay  in  onset  of  discharge.  Coefficients  6^  and  d  are  determined 
in  the  following  manner: 


[  0  T<T,  .... 

1  with  Tj  ,JI(  ^  T  Tj 
!  Owlth  t  >  t, 

0  with  T  ^  ,»et' 

1  with  T  ^  T>il(  >CT. 


(23.68) 

(23.69) 


Instants  x.  of  the  beginning  of  ignition  of  the  i-th  charge 
are  determined  by  achievement  certain  conditions  of  ignition  which 
are  characteristic  for  each  charge,  and  which  are  assumed  known  on 
the  basis  of  calculation  or  experimental  data.  Coefficient.  6  makes 
it  possible  to  consider  the  nonslmultaneous  Ignitions  of  components 
and  of  discharge.  The  moment  of  onset  of  discharge  x  can  be 

determined  by  assigned  pressure  of  failure  of  nozzle  membrane. 

The  system  of  equations  (23.6iJ)-(23.67)  must  be  supjJ^emented  by 
obvious  equation 


^=*V2|U,8„  (23.70)  1 

tiX  LJ 

I  c 

f 

and  also  by  dependences  of  thermodynamic  functions  and  properties  from  n 

composition  g^,  pressure  p  and  temperatures  T,  that  is. 

I(gi,  P.T),  s(gt,  p,T),a(g{,  p,T)  ,  etc. 

Let  us  dwell  in  more  detail  on  determination  of  heat  losses  w 

dQ/dx .  Part  of  them,  conditioned  by  incomplete  mixing  and  combustion  c 

of  separate  components  of  combined  charge,  Just  as  earlier  can  be  i_ 

t 
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estimated  by  the  coefficient  $  .  Another  share  of  heat  loss  Is 

caused  by  expenditures  of  heat  for  heating  the  chamber  walls  and  the 
Inhibitor  dQ  /dt ,  and  also  for  heating  the  combustion  surfaces  of 

K 

;(j  the  main  charge  dQT/dT. 

According  to  the  theory  of  heat  transfer  losses  of  heat  for 
heating  the  walls  of  the  engine,  the  Inhibitor,  and  propellants  are 
expressed  by  formula: 


,IQt 


(fx 


^  =  £“07--r„); 
=  J]aTFT(7-rt), 


(23.71) 

(23.72) 


where  P  —  surface  of  heating;  a  —  coefficient  of  heat  emission;  T  - 
current  value  of  temperatures  of  wall  on  the  part  of  heating  surface; 
Tt  -  current  value  of  temperature  of  propellant  surface. 

In  formulas  (23-71)  and  (23.72)  summing  up  is  extended  to  all 
warmed  surfaces.  In  the  case  of  ignition  of  a  certain  surface  Ft 
the  corresponding  term  should  be  excluded  from  the  sum  In  formula 
(23.72) . 

For  determination  of  moment  of  Ignition  of  the  propellant  it  Is 
necessary  to  solve  the  problem  of  its  heating  up  with  a  consideration 
of  internal  sources  of  heat.  In  a  one-dimensional  formulation  it  is 
possible  to  use  the  equation  for  thermal  conductivity  in  a  solid 
medium: 


dT  (jr,T)  _t*_  h  dT  (. r,t) 

dt  dx  [  T  ox 


+  <7». 


(23.73) 


where  cT,  A^  —  thermal  heat  capacity 
conductivity  of  tne  propellant;  4^  — 
liberation  of  energy  at  a  distance  x 
1 1  me  t  . 


and  coefficient  of  thermal 
average  volumeteric  rate  of 
from  the  surface  at  moment  of 
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Volumetric  sources  of  heat  q  reault  from  exothermal  reaction:1, 
of  thermal  decompoalt  Lon  of  propellant  and  from  the  first  stage:;  of 
chemical  reactions  between  products  of  decomposition.  For  determination 
of  the  magnitude  of  qv  it  is  necessary  to  have  reliable  data  on  the 
kinetics  of  complex  multistage  reactions  in  solid  propellants. 

Equation  (23-73)  is  supplemented  by  boundary  and  initial 
conditions,  and  also  by  conditions  which  determine  the  onset  of 
ignition  (surface  temperature  of  charge,  quantity  of  chermally 
decomposed  propellant  in  the  surface  layer,  and  others). 


The  system  of  equations  (23.64)-(23-6?) ,  (23-70)  together  with 
equations  (23-71)— (23-73)  in  principle  makes  it  possible  to  calculate 
ignition  of  the  charge  and  the  reaching  of  operating  mode  by  the 
engine  at  various  initial  temperatures  of  charge,  weight,  and  brands 
of  igniter.  However,  obtaining  of  a  reliable  solution  is  hampered 
by  the  absence  of  reliable  experimental  and  theoretical  data  describing 
the  process  of  combustion  and  ignition  of  the  propellant.  Therefore 
the  weight  of  the  igniter  is  usually  calculated  by  empirical  formulas. 


Discharge  from  the  Chamber  After  Completion 
of  Combustion  of  the  Charge  ✓ 


At  the  moment  of  termination  of  combustion  of  the  main  charge 
t  in  the  combustion  chamber  there  remains  a  certain  quantity  of 

K 

working  medium,  the  pressure  and  temperature  of  wiich  are  equal  to 
p  ,  T  .We  will  determine  the  change  in  these  quantities  with 

K  O H  H  OH 

time,  for  which  we  will  use  equations  (23-13)  and  (23-1*0,  assuming 
V  *  const ,  Du  =  0 . 

CB 

Then 

V'cll“-=  —kRTG'.,  (23-7*0 

—■=  — (*—  \)RTGC.  (23-75) 

7  It  T 
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fc 

di 


de 
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ch 
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I  ntciTUt  i  ri  u  f  tin 


ri 


■  ::.,y  ti*m  nt'  equations  (2  3.7*0,  (LM.70)  with  a 
con;'  I  Jurat  1  on  >1’  equation  (  2  .  0  gives: 


k— ! 


V*  Kp^(^)  v  KT  KOH 

2^ 


(T-Tj. 


(23.76) 


During  the  calculation  of  discharge  time  one  should  be 

limited  to  critical  drop 


(23.77) 


where  ph  -  external  pressure  (known  value). 

Having  determined  from  formula  (23.77)  the  pressure  p,  from 
expression  (23.76)  we  find  the  time  of  discharge  of  working  medium 
from  the  chamber  of  the  engine  (t-t  ). 

H 

Dependence  p(i)  for  the  period  of  discharge  and  also  the  value 
of  t-t  are  necessary  for  determination  of  the  component  pulse  of 

H 

aftereffect  conditioned  by  discharge  from  the  chamber  after  cessation 
of  combustion. 


23.5.  Geometry  of  Burning  Out  of  Charge 

For  the  solution  of  problems  of  interior  ballistics  of  an  RDTT 
it  is  necessary  to  know  the  law  of  change  with  time  of  the  geometrical 
characteristics  of  a  charge:  surface  of  combustion  and  the  free  area 
for  the  passage  of  gases.  The  reason  for  a  change  in  the  geometric 
dimensions  and  forms  of  a  charge  is  its  burning  out. 

Change  in  the  surface  of  combustion  and  free  area  in  time  is 
determined  by  the  geometry  of  the  charge.  Depending  on  the  nature  of 
change  in  combustion  surface  in  time  there  are  three  basic  types  of 
charges . 


f  -  .-\ 


an  increase 


1.  Charges  which  ensure  progressive  combustion,  i.e., 
of  pressure  in  the  combustion  chamber  in  time.  With  a  constant  area 
of  critical  nozzle  section  for  this,  an  increase  in  the  surface  of 
combustion  is  required.  A  very  3imple  example  of  such  a  charge  is 

a  grain  which  burns  on  a  inner  cylindrical  surface  (see  Pig.  22.4a). 

2.  Charges  which  ensure  regressive  combustion,  i.e.,  a  lowering 

of  pressure  in  time  due  to  a  decrease  in  the  surface  of  combustion  along 
with  the  burning  out  of  the  charge.  An  example  of  such  a  charge  is 
a  cylindrical  grain  which  burns  from  the  outer  surface. 

3.  Charges  which  ensure  neutral  combustion,  i.e.,  invariability 
of  pressure  in  time,  for  which  a  constancy  of  surface  of  combustion 

is  required  during  the  entire  period  of  combustion.  This  takes  place, 
for  example,  during  the  simultaneous  combustion  of  a  hollow 
cylindrical  grain  on  the  outer  and  inner  surfaces  (see  Fig.  22.4c) 
during  end  combustion.  Also  close  to  neutral  is  combustion  of  a  slit 
charge  with  a  restricted  outer  surface  (Fig.  23.8). 


Fig.  23.8.  Example  of  a 
slit  charge. 


In  addition  to  a  smooth  change  in  the  combustion  surface,  extreme 
and  even  spasmodic  changes  are  possible. 

The  burning  time  of  a  charge  with  an  assigned  geometry  can  be 
various  depending  on  pressure,  initial  temperature,  and  physical 
properties  of  the  propellant.  Therefore  it  is  accepted  not  to  connect 
the  change  in  surface  of  combustion  ft  and  F  directly  with  the  time 
of  combustion,  but  with  the  geometrical  characteristics  of  charge, 
then  finding  the  dependence  of  these  characteristics  on  the  time  of 
combustion. 


t 

1 

1 


w 
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Let  tty  -  initial  surface  of  combustion.  Then  the  change  in 
surface  of  combustion  can  be  characterized  by  the  relative  magnitude 
of  surface  Sl/tty.  Let  us  designate  this  magnitude  -  characteristic 
of  progressiveness  of  the  charge  —  as 


The  last  condition  proposes  a  constancy  of  combustion  rate  along 
the  length.  Strictly  speaking,  it  can  be  valid  for  a  sector  of 
infinitely  small  length.  However,  expression  (23.80)  can  be  applied 
for  a  sector  of  finite  length,  if  we  determine  perimeter  H  based  on 
average  combustion  rate  on  this  sector. 

Change  in  free  area  AF  in  sector  x  can  be  written  as: 

C  B 


:  j'lh/r,  (23.81) 

■ect  ’ 

le 

where  e  -  thickness  of  burnt  arch. 


Cl  ' 


Then  the  magnitude  of  free  area  at  a  certain  value  *•  compel.-', 


n  de. 


(23.fi?) 


where  P  „  -  initial  value  of  free  area. 

CBn 


Let  us  designate  by 


<{•=* 


Fat) 


the  magnitude  of  relative  free  area.  According  to  expression  (23.82) 


0>=i 


(23.83) 


Usually  calculated  values  based  on  geometrical  characteristics 
of  charge  a,  <D  are  represented  in  the  form  of  charts  or  nomograms  as 
a  function  of  relative  thickness  of  the  burned  arch 

* 

e 

y— — . 

en 

where  eQ  —  initial  thickness  of  arch. 


The  variety  of  configurations  of  charges  makes  it  possible  by 
selection  of  charge  to  ensure  theoretically  any  form  of  dependence  i 

o(y).  However,  in  actuality  the  geometry  of  a  charge  has  specific  \ 

limitations  imposed  which  are  conditioned,  for  example,  by  technology  i 

of  manufacture  of  charge,  its  strength,  and  so  forth.  g 

c 

Figure  23.9  gives  an  example  of  the  sequence  of  burning  out  c 

of  one  of  the  widespread  charges  with  a  star-shaped  form  (an  internal  rr 

burning),  and  Fig.  23*10  —  dependence  o(y)  for  this  case.  By  varying 


the  geometry  of  charges  of  a  star-shaped  form  it  is  possible  to  obtain 
other  regularities  of  change  of  a. 

r  l  1 


fe 


Hg,  Sequence  of  burning  out 

of  a  atar-shapeJ  charge. 


Fig.  23*10.  Dependence  o(y) 
for  a  star-shaped  charge  (n  - 
number  of  rays )  . 

Calculation  of  dependences  o(y),  <I>(y)  and  determination  of 
remainder  of  unburned  fuel  for  charges  of  complex  configuration  Is 
very  labour-consuming  and  is  usually  done  on  computers.  In  the 
fulfillment  of  calculations  geometrical  relationships  are  used  which 
are  specific  for  concrete  types  of  configurations  of  charges.  In 
cases  when  determination  of  dependences  <Ky),  o(y)  is  reduced  to 
calculation  of  functions  F  (y)  and  H(y>  one  can  use  the  gene: al 
method  described  in  the  work  [1].  Essence  of  the  method  is  as  follow 


The  contour  of  the  cross  section  of  a  charge  of  arbitrary  form 
Is  assigned  by  equations  of  lt3  component  elements:  straight  i  l n#*:: 
and  circumferences.  As  a  result  of  equidistance  in  the  shift  of  t  * .  • 
contour  during  combustion  the  equations  for  its  elements  are  expressed 
easily  as  a  function  of  relative  thickness  of  the  burned  arch.  Tie* 
common  solution  of  these  equations  determines  the  coordinates  of  end. 
of  each  element  of  the  contour  and  the  limits  of  integration  during 
calculation  of  perimeter  and  area. 

Geometrical  characteristics  of  some  widespread  forms  of  charges, 
dependences  of  o( y),  <1»( y ) ,  and  the  necessary  calculation  formulas 
are  given  in  works  [2],  [4]. 
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CHAPTER  XXIV 


BASES  FOR  CALCULATION  OF  CHARGE  AND  ENGINE 

In  this  chapter  we  will  examine  the  bases  for  calculation  of 
a  thrust  chamber  with  charges  which  burn  on  the  side  surfaces  or  on 
the  face,  questions  of  calculation  of  gas  generator,  and  selection 
of  the  igniter. 

2^.1.  Calculation  of  a  Thrust  Chamber  with  a  Charge 
Which  Burns  on  the  Lateral  Surfaces 

In  thrust  chambers  of  an  RDTT,  the  mission  of  which  is  develop¬ 
ment  of  great  thrust  during  a  specific  time,  usually  charges  are  used 
which  burn  on  side  surfaces.  A  large  burning  surface,  necessary  to 
obtain  considerable  thrust,  is  provided  in  such  charges  usually  due 
to  a  large  perimeter  of  combustion  and  a  considerable  length  of  charge 

It  is  necessary  to  determine  the  sizes  of  the  charge  and  chamber 
(chambers)  which  would  ensure  obtaining  the  required  thrust  with 
an  assigned  time  of  operation  t  and  known  initial  temperature  of  the 
charge. 

Initial  data  for  calculation  are  the  characteristics  of  the 
assigned  propellant,  pressure  in  the  combustion  chamber  p.  (or  p  •) 
and  dependence  of  pressure  on  time  p1(t),  and  relative  area  of 
nozzle  exit  fQ  (or  degree  of  reduction  of  pressure  In  nozzle  7TC)- 
The  form  of  the  pressure-time  curve  P-^(t)  is  determined  by  the  require 
ments  of  external  ballistics  and  the  program  of  thrust  Ph(t). 
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Characteristics  of  the  propellant  can  be  presented  in  the 
following  form: 

composition,  density,  thermodynamic  characteristics  of  the 
propellant ; 

law  of  combustion  u  *=  f(p,  T,  w); 

minimum  pressure  In  combustion  chamber  which  ensures  normal 
combustion. 

In  connection  with  the  variability  of  gas-dynamic  parameters  of 
a  RDTT  lengthwise  for  the  charge  and  with  time  it  is  impossible 
to  determine  immediately  the  necessary  indices  for  the  charge  and 
chamber.  Calculation  is  done  by  successive  approximations.  The 
first  of  them,  the  zero-dimensional  approximation,  is  performed  without 
allowing  for  such  effects  as  pressure  drop  along  the  charge  and 
erosion  combustion.  In  this  case  they  use  certain  average  values  of 
pressures  p^*,  p^  and  thrust  P^. 

Thermodynamic  calculation,  performed  by  the  method  given  in  v 

Chapter  VIII,  gives  theoretical  values  for  temperature  of  ^combustion 

Th*  ■  T^,  gas  constant  of  combustion  products  R^ ,  average  index  of 

isentrope  of  expansion  n,  specific  passage  sections  of  nozzle 

F  P  „  ,  and  specific  thrust  in  emptiness  P,,„  „  .  .  Real 

yfl.Kp*  yfl.c  yfl.n  t 

specific  thrust  in  emptiness  Py^  n  is  determined  with  allowance 
for  deviations  from  the  scheme  accepted  in  thermodynamic  calculation: 

’"VrtPjl.n  I,  (24.1) 

where  $  —  coefficient  of  completeness  of  specific  thrust, 

y  a 

Actual  specific  thrust  at  altitude  H  is  found  by  the  known 

expression 


Pin  ’i“P TJi-s — f  in-tPu- 


The  nature  of  losses  of  specific  thrust  and  methods  for  their 
determination  for  an  RDTT  are  basically  the  same  as  that  for  a 
liquid-fuel  rocket  engine.  Based  on  information  of  the  foreign 
press,  actual  specific  thrust  is  lower  than  theoretical  by  approximately 
I  5%  in  the  case  of  fuel  giving  homogenous  products  of  combustion.  In 

engines  running  on  metallized  fuels  the  losses  are  2-3?  more  [3]. 

Considering  that  actual  specific  thrust  is  equal  to  its  average 
value  during  the  period  of  operation  of  the  engine,  we  determine  the 
necessary  per  second  expenditure  of  propellant 

G  =-£&—  .  (  24 . 2) 

Pyt./l 

The  required  reserve  of  propellant  Gt  can  be  found  by  the 
formula 

out 

Gt  «■  Gt, 


where  x  -  assigned  time  of  engine  operation. 

As  was  mentioned,  many  charges  do  not  burn  down  completely, 
and  regressive  combustion  of  residues  of  a  charge  is  not  always  used 
effectively.  It  is  also  possible  to  use  propellant  just  as  ineffectively 
at  the  beginning  of  the  launch  period.  In  connection  with  this  the 
necessary  weight  of  propellant  should  be  increased,  determining  it 
according  to  the  formula 


Gt-aGx,  (24.3) 

where  a  —  coefficient,  considering  the  ineffectiveness  of  utilization 
of  part  of  the  propellant  and  depending,  mainly,  on  the  configuration 
of  the  charge. 

The  required  burning  surface  can  be  found  from  the  relationship 
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in  this  case  the  combustion  rate  in  the  case  of  average  pressure  p  * 
is  determined  without  allowing  for  erosion. 

Thickness  of  the  arch  is  calculated  by  the  formula 


(24.5) 

if  combustion  goes  along  one  of  the  lateral  surfaces  (external  or 
internal),  or 


«o  =  2mt,  (24.6) 

if  combustion  is  carried  out  simultaneously  on  the  external  and  internal 
surfaces.  Based  on  the  resulting  values  fl  and  eQ  single-grain  or 
multigrain  charges  are  arranged. 

One  and  the  same  program  of  thrust  can  be  provided  for  with 
various  charge  configurations.  Wien  selecting  a  charge  from  the 
number  of  fundamentally  possible  ones  it  follows  to  strive  for  the 
most  compact  place*.  ;  of  propellants  in  the  combustion  chamber. 

At  the  same  time  the  necessary  free  area  P  must  be  ensured. 

C  B 

Small  values  of  F__  produce  a  substantial  effect  of  erosion  combustion. 

Selection  of  form  of  charge  must  ensure  the  nature  of  change 
in  pressure  and,  consequently,  of  thrust  with  time  in  accordance 
with  assigned  conditions. 

In  practice  preference  Is  given  to  charges  with  combustion  on 
the  inner  surface,  because  In  this  instance  the  combustion  chamber 
walls,  which  are  screened  by  propellant  with  low  heat  conductivity, 
operate  at  low  temperature  and  can  be  made  thinner  and  lighter.  If 
the  charge  is  poured  into  the  combustion  chamber  (has  been  glued  to 
walls),  then  the  volume  of  the  combustion  chamber  Is  used  more  fully. 
Specifically,  it  is  not  necessary  to  have  special  adaptations  for 
fixing  the  charge. 


For  the  accepted  charge  the  law  of  combustion  surface  changes 
a  =  or(y)  and  law  of  change  in  free  area  <D=Q>(y)- 


Nozzle  throat  area  is  found  by  the  formula 


p  _ 

*  up  *  • 


Nozzle  area  at  the  exit  is  equal  to 


(24.7) 


Fc  —  fj  KP< 


where  the  relative  area  of  nozzle  f  either  is  assigned  or  it  is 

calculated  with  known  n  and  n. 
il  c 

The  subsequent  approximation  is  carried  out  in  more  detail  with 
allowance  for  variability  in  the  geometry  of  the  charge  and  changes 
in  time  parameters  and,  when  indispensable,  along  the  length  of  the 
charge.  For  this  the  calculation  of  the  planned  design  of  the  charge 
and  chamber  is  done  according  to  the  method  given  in  Chapter  XXIII. 
The  basic  results  of  the  calculation  are  diagrams  p-^x),  p  *(x), 
obtained  at  assigned  value  of  initial  temperature  of  the  charge. 

*  Transition  from  diagram  p^*(x)  to  diagram  P  *  f(x)  is  carried 

out  in  the  following  manner.  let  us  write  the  equation  for  thrust 
in  the  form 


P  "  GP yj  n — P c Ph- 


Substituting  P  based  on  formula  (24.1),  and  G  from  the 
f  yn .  n 

expression  for  complex  6,  we  obtain 


Since 


p  —  -y.'r  ,  ,-F'Ph- 

T.i 


Pjl  n  I  L, 


~Kp 

“it  t 


the^ 


P-r'J\^KP,  KPh 

V 


(24.8) 


or 


p=-.p-FttKPa-FcPn  (24.9) 

where 

The  quantity  is  the  real  coefficient  of  thrust  in  a  void. 

For  a  nozzle  of  constant  geometry  under  the  assumption  of  constancy 

of  coefficients  of  losses  Kp  can  be  considered  constant. 

n 

With  the  aid  of  equations  (24.9)  diagram  P  *  f(x)  is  constructed. 
Values  p  *  *  f(x)  are  taken  based  on  interior  ballistics,  and  pressure 
of  the  surrounding  medium  -  based  on  assigned  dependence  ph  *  f(x), 
which  is  known  from  exterior  ballistic  calculations. 

Diagram  P  -  f(x)  can  have  the  form  shown  in  Fig.  24.1.  On  it 
sectors  of  ineffective  modes  are  distinguished:  part  of  the  period 
of  reaching  the  operating  mode  (x.^)  and  aftereffect  (x^). 


Fig.  24.1.  Calculation 
diagram  P  *  f  ( x ) . 
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Their  boundaries  are  determined  by  a  certain  pressure  in  the 
combustion  chamber  p  *>  which  ensures  high  completeness  of  combustion 

H 

of  propellant  and  a  mode  of  continuous  flow  in  the  nozzle.  The 
necessary  value  of  summary  pulse  Ij.  in  the  vacuum  should  be  received 
during  the  period  of  effective  combustion  x^,  i.e.,  for  the  entire 
period  of  combustion  less  periods  and  x^.  By  subjecting  diagram 
P  «  f(x)  on  sector  x  .  to  two-dimensional  geometry  we  obtain: 

(24.11) 

T  . 
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For  determination  of  specific  pulse  in  a  void  we  use  the  formula 


/ . =  - 


Gj  +0' f3. n  —  Gf  (tj )  —  Gr  (T3) 


(24.12) 


where  GT3>n  -  weight  of  heatproof  coating  burned  down  during  the 
time  T3(j)  is  determined  during  calculation  of  heat  shielding  or 
by  weighing  of  the  engine  during  prototype  tests);  Gt(t3)  - 

weight  of  propellant  which  burned  ineffectively  during  periods  x^  or 


Value  t3(j)  is  compared  with  assigned  combustion  time,  and  the 

magnitude  of  Iyfl>n  with  P  n  for  the  particular  fuel  -  with  the 

same  relative  nozzle  areas  f  . 

c 

Diagrams  ph#(t)  and  P(x)  can  be  calculated  also  with  other 
values  of  initial  temperature  of  charge  t  in  the  possible  operational 
range.  Based  on  minimum  static  pressure  p  ,  determined  with  the  least 

K 

t  ,  the  condition  of  normal  combustion  is  checked:  value  d 
should  be  greater  than  pressure  pmln,  guaranteeing  against  anomalous 
combustion.  Maximum  value  of  pressure  p^. ,  determined  at  the  greatest 
bH »  is  used  in  the  calculation  for  strength.  Based  on  dependences 
p  =  and  T  *  ls  Possible  to  judge  the  relative 

maximum  or  minimum  values  of  these  parameters.  An  example  of  these 
dependences  is  given  in  Fig.  24.2.  The  solid  lines  show  the  rated 
values  P  and  x,  the  dotted  lines  -  limits  of  these  quantities  as 
a  result  of  instability  of  propellant  characteristics. 


Fig.  24.2.  Change  in  thrust 
and  burning  time  depending 
on  the  initial  temperature 
of  the  charge. 


In  case  of  lack  of  coincidence  of  assigned  and  obtained  values 
the  parameters  of  charge  and  chamber  are  corrected  and  the  calculation 
repeated  in  the  previous  sequence.  This  can  be  facilitated  by 
utilization  of  preliminarily  composed  nomograms. 

If  assigned  thrust  is  difficult  to  obtain  in  one  chamber,  the 
engine  is  designed  as  a  cluster  of  chambers.  Identity  of  operation 
of  all  chambers  can  be  guaranteed  by  Joining  them  with  special  lines 
for  equalization  of  pressure.  In  the  case  of  rather  large  sections 
of  lines  the  simultaneousness  of  Ignition  or  of  stoppings  of  combustion 
is  reached  with  an  accuracy  up  to  hundredths  of  a  second. 

Experimental  diagrams  P  «  f(t),  obtained  during  testing  of  an 

engine,  were  processed  in  accordance  with  formulas  (2*1.11)  and  (2^.12). 

Based  on  the  deviation  of  magnitude  I  _  from  the  value  of 

)/A  «  ri 

specific  thrust  in  void  P  .  it  is  possible  to  Judge  the  perfection 

y  h  •  n  u 

of  the  designed  engine.  In  this  case  P.  .  must  be  calculated  not 

yfl  •  n  t 

for  nominal  composition  of  propellant  charge,  but  for  an  arbitrary 
propellant,  representing  a  mixture  of  the  main  propellant  and  heatproof 
coating  in  a  quantity  corresponding  to  its  actual  burning  grtti. 

2^.2.  Calculation  of  Thrust  Chamber  with  a  Charge 
Burning  on  the  End 

The  advantages  of  chambers  with  charges  which  use  end  burning 
are  simplicity  of  design  and  of  production,  high  degree  of  filling 
the  volume  of  the  combustion  chamber  with  propellant,  absence  of 
erosion  combustion,  and  less  probability  of  resonant  effects.  Their 
deficiencies  are  difficulty  of  protecting  the  chamber  walls,  which 
are  subjected  to  the  influence  of  high-temperature  flow,  and  strong 
displacement  of  center  of  gravity  of  the  engine  with  the  burning  out 
of  the  charge.  Utilization  of  heat-insulating  coatings  makes  it 
possible  to  reduce  the  duration  of  time  of  operation  of  engines  with 
charges  burning  on  the  face  to  tens  of  minutes.  However,  the  thrust 
of  such  engines  is  limited  by  the  diameter  of  the  charge  and  the 
chamber. 
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The  rate  of  movement  of  a  gas  in  combustion  chambers  in  charges 
which  burn  along  the  face  is  usually  small,  therefore  pressure  of 
retarded  flow  and  static  pressure  can  be  considered  Identical 
and  constant  in  the  volume  of  the  combustion  chamber.  In  connection 
with  the  constancy  of  the  combustion  surface  pressure  does  not  change 
in  time  (excepting  transient  conditions).  Respectively  thrust  of 
the  chamber  does  not  change. 


Effective  summary  pulse  Ir  comprises 

3<t 


(24.13) 


The  values  of  P  anu  pproximately  in  reverse 

proportionality  to  each  otner  a  change  in  initial  temperature 

of  charge  and,  consequently: 


/t„j,  *  Pi maiTmln  “  P mlntm*!-  (24.14) 

On  a  mode  of  least  initial  temperature  of  a  charge  it  is  necessary 
to  provide  minimum  pressure  in  the  combustion  chamber  pk  min» 
thus  guaranteeing  normal  combustion,  and  a  certain  minimum  thrust 
Pmin'  In  this  case  the  necessary  nozzle  throat  area  should  comprise 

C  Pmln^ 

*P~  p  " 

" yi  kP «  min 


or 


P min  fy 


up 


(ijiPji  n  I  -  F VJ  C Pn)Pu  min 


(24.15) 


Values  0.,  P,.  .  .  and  F  are  obtained  in  a  thermodynam’ c 
*  yfl  •  n  t  y  *4  •  c 

calculation.  From  equation  (23.21)  it  is  possible  to  obtain  the 

value  il/F  : 

kp 


g  _  P\  min 
F*v  ' 


(24.16) 


624 


I 


from  which  at  a  known  magnitude  of  P  the  necessary  combustion  surface 

Hp 

fl  is  determined. 


In  equation  (24.16)  parameter  B  corresponds  to  temperature 


'h  min' 


The  required  weight  of  fuel  comprises 


r  *|» 

Gr=a  — . 


(24.17) 


During  end  combustion  the  amount  of  propellant  utilized 
ineffectively  in  period  of  attaining  operating  mode  and  aftereffect 
is  not  great,  therefore  it  can  be  accepted  that  . 

If  the  weight  of  the  charge  and  surface  of  combustion  are  known 
it  is  easy  to  determine  the  length  of  the  charge 


£  __  Or  *»♦  . 

Qt2  Or  Pyfi  ' 


(24.18) 


Maximum  values  of  pressure  in  the  combustion  chamber  are  determined 

at  the  greatest  initial  temperature  of  charge  t  „  . 

h  max 

24 . 3  Calculation  of  Gas  Generator 

Just  as  for  liquid  gas  generators,  gas  generator  which  operate 
on  solid  propellant  are  included  in  the  composition  of  auxiliary 
power  units  for  rocket  flight  vehicles,  and  sometimes  in  vehicles 
with  Jet  engines.  Gas  generators  working  on  solid  propellant  on 
the  whole  have  the  same  requirements  as  liquid  (see  Chapter  XVII). 
Additional  specific  requirements  are  low  temperature  sensitivity  for 
combustion  rate  of  propellant  and  little  delay  of  ignition  at  the 
lowest  temperatures. 
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Calculation  for  a  gas  generator  is  distinguished  from  c;i  ]  cul  at;  I  <  r, 
for  a  thrust  chamber  by  the  fact  that  Instead  of  magnitude  of  thrust 
the  desired  values  of  gas  flow  per  second,  temperature,  and 
pressure  of  gas  are  determined.  Furthermore  the  nature  of  the  program 
G  *  f ( t )  are  determined. 


n 


mined 


Pressure  in  gas  generators  working  on  solid  propellant  fluctuates 
usually  over  the  range  of  35-350  bar.  The  necessary  temperature  of 
gas  utilized  in  auxiliary  systems  comprises  iJ00-2000oC.  The  less  the 
time  of  operation  of  the  system,  the  higher  the  maximum  permissible 
temperature.  Inasmuch  as  temperature  of  combustion  of  majority  of 
solid  rocket  propellants  exceeds  2000-2500°C,  the  gas  which  Is  received 
in  a  gas  generator  usually  has  to  be  cooled.  A  natural  lowering  of 
temperature  takes  place  in  the  lines  and  tanks  (pressurized  supply 
of  propellant).  Cooling  is  applied  by  the  injection  of  liquid.  In 
order  that  the  working  body  has  a  reducing  or  neutral  medium,  either 
fuel  or  an  inert  liquid  is  injected  (for  example,  liquefied  nitrogen 
or  helium).  Such  a  method,  however,  complicates  the  system.  Cooling 
by  sublimation  of  solid  materials  is  interesting.  With  this  method 
the  gas  which  Is  received  In  the  gas  generator  passes  through  a  porous 
plastic,  which,  by  gradually  sublimating  ( volatilizing) ,  cools  gas 
flow  and  simultaneously  increases  the  amount  of  gas. 


The  required  gas  consumption  per  second  G  Is  assigned  on  the 
strength  of  the  value  of  the  summary  work  which  the  gas  must  perform 
in  auxiliary  systems.  Gas  consumption  G  is  determined  by  the  method 
given  in  Chapter  XVIII,  with  allowance  for  changes  in  specific  efficiency 
of  gas  on  the  way  from  the  gas  generator  to  the  place  of  utilization. 

The  assigned  law  of  change  in  gas  consumption  per  second  in  time  is 
ensured  by  selection  of  configuration  of  the  charge.  More  frequently 
a  constant  consumption  of  gas  in  time  Is  required,  in  connection  with 
which  charges  are  accepted  which  burn  on  the  end. 


Assigned  pressure  must  be  guaranteed  with  the  least  initial 
temperature  of  the  charge;  an  increase  in  pressure  at  t^  >  t^  ^ 
should  be  prevented  by  a  pressure  release  valve.  Assigned  time  of 
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operation,  conversely,  must  be  ensured  at  the  highest  initial  tempera- 
ture  tH  max*  At  other  temperatures  the  charge  will  not  burn  completely. 

The  necessary  burning  surface  is  determined  by  the  formula 

Q==7ZT*  (24.19) 


where  um^n  —  rate  of  combustion  at  assigned  pressure  and  tH  *  tH  mln* 

In  the  case  of  end  combustion  fl  is  equal  to  the  face  area  of  the 
charge.  The  length  of  the  charge  in  this  case  should  be  determined  as: 


Util] 
usually  s< 
time  of  oi 


,01  UintxT, 


(24.20) 


where  u_-„  —  rate  of  combustion  at  assigned  pressure  and  t  ■  t  : 

max  ok  H  h  max* 

t  -  assigned  time  of  operation  of  gas  generator;  1.01  -  coefficient 

of  reserve. 


Weight  of  the  propellant  charge  comprises 


(24.21) 


In  gas  generators  intended  for  a  small  time  of  operation  more 
frequently  they  use  a  propellant  with  a  high  rate  of  combustion.  For 
a  long  duration  of  operation,  conversely,  a  slowly  burning  propellant 
is  necessary.  Based  on  Information  In  the  foreign  press,  fuels  have 
been  developed  with  a  rate  of  combustion  exceeding  1  mm/s  (p  of  70  bar, 
tH  -  15°C). 

In  Fig.  24.3  as  an  example  a  gas  generator  Is  shown  which  can 
be  used  in  pressurization  and  turbopump  systems  for  the  supply  of 
propellant  and  other  auxiliary  systems  of  a  rocket  vehicle.  Depending 
on  the  type  of  propellant  and  size  of  charge  a  gas  generator  can 
guarantee  various  programs  G  =  f(x)  over  a  wide  range  of  pressures 
(corresponding  selection  of  nozzle  is  necessary). 
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Fig.  2^.3.  Diagram  of  a  gas 
generator  working  on  solid 
propellant:  1  -  igniter; 

2  -  main  charge;  3  -  nozzle; 
-  explosive  membrane. 


Utilization  of  solid  propellant  for  purposes  of  gas  generation 
usually  seems  expedient  in  systems  of  low  power  and  relatively  short 
time  of  operation. 


21l.iJ  Selection  of  Igniter 

The  purpose  of  an  igniter  is  to  thoroughly  heat  the  surface  of 
the  main  charge  up  to  Ignition  and  in  an  assigned  interval  to  increase 
pressure  in  the  combustion  chamber  up  to  a  pressure  of  p  ,  ensuring 

B 

the  normal  combustion  of  the  main  propellant.  The  charge  is  ignited 
following  formation  of  a  thoroughly  heated  layer  and  heating  of 
surface  up  to  a  specific  minimum  temperature. 

Transmission  of  heat  to  the  surface  of  the  charge  from  the  products 
of  combustion  of  the  igniter  is  possible  by  means  of  radiation, 
.convection,  and  hot  particles  settling  on  the  surface  of  the  charge. 

For  exposure  of  quantitative  indices  of  inflammability  of 

propellants  special  sources  of  heat  are  used  which  make  it  possible 

to  accurately  measure  the  quantity  of  energy  supplied  to  the  charge. 

The  experiments  show  [2]  that  minimum  energy  content  (threshold 

energy  of  ignition)  AE,  ensuring  a  50%  probability  of  ignition  of 

composite  propellants  on  the  basis  of  ammonium  perchlorate,  depends 

on  the  pressure  and  specific  thermal  flow  q  to  the  surface  of  the  charge 

2 

In  this  case  minimum  value  AE  is  equal  to  'vlj  J/cm  at  heat  fluxes  of 
300-600  kW/m'3  and  Increases  up  to  8-12  J/cm^  at  q  =  *10-80  kW/m^  as 
a  result  of  decrease  in  the  heat  drawn  deep  Into  the  charge .  lepending 
on  pressure,  the  magnitude  of  AE  is  diminished  with  an  increase  of 
pressure  up  to  5  bar  and  further  chang.es  i nsigni f  i cant ly ,  remaining 


at  a  levf-l  of  4  .i/err/.  On  tin'  other  hand,  In  order  to  ensure  a  time 
of  delay  f  Ignition  of  the  main  charge  (this  time  is  approximately 
reversely  proportionally  to  the  magnitude  of  q)  within  the  limits 
of  5-45  m/n  the  average  value  of  specific  convective  thermal  flow  must 
be  4000  —It 00  kW/m?. 

On  the  basis  of  experiments  it  can  be  concluded  that  the  criterion 
of  Inflammability  should  consider  not  only  the  surface  temperature 
of  the  charge,  but  also  the  distribution  of  temperature  in  the  heated 
surface  layer. 

In  addition  to  the  enumerated  factors,  inflammability  of  solid 
propellants  depends  also  on  their  composition  and  initial  t  mperature 
of  the  charge  (the  magnitude  of  AE  increases  linearly  with  a 
decrease  of  t  ) . 

The  charge  of  the  Igniter  is  made  from  a  readily  combustible  and 
rapidly  burning  propellant.  Black  powder  i3  used  most  widely  but  it 
is  also  possible  to  use  pyrotechnic  compositions  on  the  basis  of 
metals  (magnesium,  aluminium)  and  mineral  oxidizers. 

Roughly  the  weight  of  the  charge  of  aH* Igniter  can  be  determined 
by  considering  that  combustion  proceeds  a  constant  volume,  equal 
to  the  Initial  free  volume  of  the  combustion  chamber  up  to  the 
critical  section.  This  assumption  is  Justified  by  the  fact  that  for 
a  short  time  of  ignition  the  emission  of  gaseB  is  negligibly  small. 
Furthermore,  frequently  the  exit  from  the  nozzle  is  closed  by  a 
membrane  which  is  destroyed  only  upon  achievement  of  an  assigned 
’ gnltlon  pressure.  If  the  initial  free  volume  of  the  combustion  chamber 
Is  equal  to  vcb0»  and  the  necessary  pressure  which  must  be  developed 

by  the  Igniter  p  ,  then 

0 


3  t. 

Lon 

1 


where  G  —  weight  of  igniter  charge;  R  and  T  —  gas  constant  and 

Q  6  B 

temperature  of  combustion  of  igniter,  determined  at  a  constant  volume. 
Hence 

(j  --  v ‘ •" ri 

R,T„  ‘ 

This  equation,  however,  does  not  consider  inevitable  thermal  losses  in 
the  walls  of  the  chamber  and  the  charge.  In  order  to  compensate  these 
losses,  it  is  necessary  to  increase  the  weight  of  the  ignition  charge: 

G.  =£&* n ,  (24.22) 

IqRJ, 

where  £q  —  coefficient  of  thermal  losses  in  the  wall,  less  than  a  unit; 
is  determined  by  experimental  means  . 

As  it  appears,  the  necessary  weight  of  the  igniter  charge  is 
directly  proportional  to  the  pressure  developed  by  the  igniter,  and 
to  the  initial  free  volume  which  is  proportional  to  the  surface  of 
combustion;  consequently,  the  weight  of  the  igniter  charge  increases 
with  an  increase  in  the  initial  surface  of  combustion. 


For  a  rapid  increase  in  pressure  with  a  low  ignition  charge  weight 
the  gas  constant  of  combustion  products  of  the  igniter  must  be  large. 

At  the  same  time  heat  emission  to  the  surface  of  the  main  charge  is 
increased,  i.e.,  ignition  becomes  more  rapid  and  reliable,  if  there 
are  incandescent  solid  particles  in  the  products  of  combustion. 

The  order  of  magnitude  of  G  ,  determined  by  the  formula  (24.22), 
comprises  several  grams  per  litre  of  free  volume  of  the  combustion 
chamber . 


More  physically  justified  is  the  model  of  calculation  of  weight 
of  an  igniter,  based  on  an  analysis  of  heat  exchange  between  products 
of  combustion  of  the  igniter  and  the  main  charge.  Results  of  a 
calculation  based  on  the  utilization  of  such  a  model  satisfactorily 
coincide  with  the  dependence  G  =  f(F)  (Fig.  24.4)  for  a  number  cf 
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fc reign  FDTT  [41. 
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Pig.  2^4 . ^4 .  Relationship 
between  weight  of  the  igniter 
and  thrust  of  the  RDTT. 


Values  of  G  can  change  substantially  depending  on  the  nature 

B 

of  the  propellant  of  the  igniter  and  the  main  charge,  arrangement  of 
the  igniter  in  the  chamber,  and  other  factors.  An  excessive  weight 
of  igniter  charge  leads  to  a  considerable. launching  peak  of  pressure 
which  is  dangerous  for  the  design;  inadequate  igniter  weight  does 
not  guanantee  reliable  ignition  or  slows  it  down  too  much. 

Ignition  of  the  starting  charge  does  not  begin  instantly  after 
supply  of  current  to  the  electric  primer,  but  with  a  certerln  delay. 
Ignition  delay  depends  on  the  nature  of  the  ignition  propellant,  its 
initial  temperature,  and  initial  pressure  in  the  combustion  chamber. 
It  increases  with  a  lowering  of  pressure  and  initial  temperature. 
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CHARACTERISTICS  AND  CONTROL  OP  THRUST  VECTOR 


In  this  chapter  expenditure  and  altitude  characteristics  of  an 
RDTT  are  described  qualitatively,  and  concepts  are  given  relative  to 
the  variance  of  ballistic  parameters.  The  basic  means  of  control  of 
thrust  vector  are  described. 


-25.1.  Characteristics 


In  principle  a  rocket  engine  working  on  a  solid  propellant  has 
the  same  characteristics  as  a  (WP£)  —  [ZhRD,  liquid-propellant  rocket 
engine];  let  us  note  some  of  their  characteristics. 

Expenditure  characteristic  P  *  f(G)  can  be  obtained  after  the 
dependences  P  *  f(x)  and  G  ■  f(-r)  are  calculated.  However,  this 
characteristic  does  not  have  an  Independent  applied  value. 

The  altitude  characteristic  P  *  f(H)  can  be  calculated  if  we 
have  available  the  dependences  P  *  f(x)  and  H  ■  f(x),  obtained  at  a 
specific  value  of  initial  temperature  of  charge.  Value  t  does 
not  change  with  a  change  in  altitude. 

When  the  surface  of  combustion  does  not  change  in  time,  and  the 
effect  of  erosion  combustion  is  absent  (for  example,  in  the  case  of 
end  combustion),  the  altitude  characterist ic  of  an  RDTT  has  t lie  same 
form  a.  uie  cnarac terist ic  r>g  a  liquid  propellant  rocket  engine 
(see,  for  example,  Dig.  '.9.2).  /.  change  in  initial  temperature  of 

the  ‘barge  displaces  the  characteristic,  while  retaining  its  form. 


The  altitude  characteristic  of  an  RDTT  at  various  initial  temperatures 
of  charge  has  the  some  form  as  the  characteristic  of  a  chamber  of  a 
liquid-propellant  rocket  engine  with  various  propellant  consumption. 

If,  however,  the  surface  of  combustion  of  a  charge  changes 
substantially  in  time,  and,  consequently,  with  flight  altitude,  then 
this  can  have  a  decisive  effect  on  form  of  the  altitude  characteristic. 
For  example,  with  a  considerable  decrease  in  the  surface  o'*  combustion 
with  altitude  the  thrust  of  a  rocket  engine  with  a  solid  propellant 
will  not  increase,  as  this  should  be  at  G  =  const,  but  will  decrease. 
Strictly  speaking,  with  an  inconstancy  of  burning  surface  the  character 
istic  will  cease  to  be  only  altitude,  since  it  is  determined  with  two 
variable  factors  —  altitude  and  per  second  consumption  of  fuel .  The 
form  of  the  characteristic  depends  on  the  relationship  of  the  influence 
of  each  of  the  factors. 

25-2.  Concepts  Concerning  Variance  of  Ballistic 
Parameters  of  an  RDTT 


The  thrust  characteristic  of  an  engine  installation  with  an  RDTT 
changes  noticeably  with  deviations  of  charge  and  engine  parameters 
from  their  calculated  values.  So  in  the  absence  of  temperature 
compensation  the  rate  of  combustion  of  propellant  and  thrust  depend 
essentially  on  initial  temperature  of  the  charge.  For  certain  fuels 
used  in  American  rockets  a  change  in  initial  temperature  of  charge 
by  50°  leads  to  a  change  in  engine  thrust  by  30 Jt .  Variations  in 
chemical  composition  and  deviation  from  procedures  for  production  of 
the  propellant  also  cause  a  specific  variance  of  energy  characteristics 
and  rate  of  combustion  of  propellant  in  identical  types  of  engines. 

It  is  also  necessary  to  consider  such  random  factors  as  increase  in 
burning  surface  as  a  result  of  the  appearance  of  cracks  and  pits  in 
the  charge,  erosion  of  critical  section  of  the  nozzle,  and  of  so  forth. 

For  establishing  the  bond  between  deviations  in  the  ballistic 
parameters  (pressure  in  the  combustion  chamber,  consumption,  thrust 
and  specific  thrust  in  a  vacuum)  and  deviations  in  the  characteristics 
of  the  charge  and  engine  we  will  use  the  following  equations: 
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fk^Kp 

I  RJ, 
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( i  —  Pcnh- 


P,  .  g  =  I  RJjc  ^ 
0  .•!(») 


Variation,  as  a  possible  random  deviation  of  any  quantity  from 

• 

Its  average  value  under  assigned  conditions,  we  will  designate  by  6. 
a 

In  the  derivation  of  calculation  dependences,  in  addition  to  random 

deviations  in  the  characteristics  of  a  given  batch  of  propellant 

b.  Qt,  RkTk,  it  is  also  necessary  to  consider  the  dependence  of  the  latter 
?r- 

on  initial  temperature  of  the  charge.  In  the  first  approximation 
losses  as  a  result  of  imperfection  of  processes  in  engine  can  be 
disregarded,  complex  R  T  can  be  considered  as  not  depending  on 

i0  K  K 

pressure,  and  quantities  n,  v  —  constants. 
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Let  us  find  the  relative  change  of  pressure  in  a  combustion  chamber 
depending  on  the  parameters  of  the  charge  and  engine,  for  which 
we  will  take  the  logarithm  and  differentiate  the  expression  for  pH . 
Substituting  the  differentials  by  variations  6,  let  us  write: 
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In  accordance  with  formula  of  extrapolation  (see  Table  9.1)  the 
derivative  d{RHTK)ldt„  can  be  presented  as: 


<)(RhT^)  tf  ( Rx7^) 
nt,  1 1 / 
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—  =RJ,  - — 
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where  ct  -  thermal  heat  capacity  of  propellant. 

itie  product  QyT  changes  inversely  proportional  to  the  linear 
size  of  the  charge,  consequently  the  following  equality  is  valid: 

1  '‘(gl'r)  _Q 

<A>.  at. 


where  a  -  coefficient  of  linear  expansion  of  propellant. 


Let  us  introduce  the  designation 


[(".),  a],  (25.1) 

where  -  coefficient  of  temperature  sensitivity  of  rate 

of  combustion.  With  allowance  for  designation  (25*1)  we  finally 
write: 
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(25.2) 


In  the  same  manner  from  the  equation  of  G  it  is  possible  to 
determine  the  variation  of  consumption: 


» a  i  f«a 


tot 

Or 


IB  v» 


B 


2  RJ. 


B«.]. 


(25.3) 


where 


A0 = [("•), “aJ*  (25. 4) 

Let  us  find  the  variation  of  thrust.  For  this  the  equation  of 
thrust  we  present  in  the  form: 


Pn=P+F'Pk=P*F*J<rv 


from  which 


tp„  if,  P 

P„  Px,  Pup 
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The  last  member  of  this  expression  can  be  rewritten  as: 
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where  derivative  din  KPJd\nfe  is  determined  with  the  help  of  Table  9.2: 
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Now  finally  it  is  possible  to  write 
%p  ,  /.  d 1 
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Variation  of  specific  thrust  in  a  vacuum  is  determined  through 
variation  of  consumption  and  thrust  in  a  vacuum: 


JPn  >0 
Pyt-n  P»  O 


(25.7) 


where 


.  /j  d In Kpn  \  8/^  d In KpB  *Ft 
Pn  p,  +V  din/,  j  F^  +  din/,  Ft  ’ 

and  the  quantity  6G/G  is  represented  by  expression  (25.3). 


(25.8) 


Expressions  (25.2),  (25.3),  (25- 6 )  and  (25-7)  give  the  dependence 
of  variations  of  basic  ballistic  parameters  on  the  characteristics 
of  the  charge  and  engine.  With  a  nonregulated  nozzle  this  dependence 
can  be  written  in  a  general  form  as: 


T-nM-.T+-£+*£+-S+ 


(25.°) 


where  <J>=pK,  G,  P,  PyaM,  and  variations  6fi,  bF^.  6FC,  6qt,  f>(RKTK),  t>B,  6(„ 
should  be  considered  as  random  values  with  mathematical  expectations 

equal  to  zero. 


According  to  the  theory  of  probabilities  the  limiting  values  of 
scatterings  of  pressure,  consumption,  thrust,  and  specific  thrust  in 
a  vacuum  can  be  found  by  a  general  formula  of  form 


,  VD« 

~  1  -V  ‘ 


(25.10) 


where 


+h^j’+(-Tr+^ 


and  AQ,  A^kp,  AFe,  Aq*,  A(PKTn),  AB,  A/a  -  limiting  deviations  of  values. 

Variance  of  ballistic  parameters,  determined  by  formula  (25.10), 
can  be  reduced  by  adjustment  of  critical  section  of  the  nozzle. 


25.3.  Control  of  Thrust  Vector 


■Hie  necessity  of  adjustment  of  thrust  in  an  RDTT  in  flight  is 
caused  by  external,  not  depending  on  the  engine,  and  internal, 
specific  for  the  given  type  of  engine,  random  factors.  The  influence 
of  the  latter  on  thrust  characteristics  in  the  absence  of  adjustment 
is  determined  by  the  general  formula  (25.10). 


Hie  rfystem  of  controlling  the  thrust  vector  must  ensure  the  required 
flight  program.  Just  as  In  the  case  of  a  liquid-propellant  rocket 
engine,  the  necessary  range  of  adjustment  is  made  up  of  two  components: 
the  first  of  them  is  determined  by  the  assigned  law  of  change  of 
thrust  with  time,  and  the  second  is  caused  by  random  internal  and 
external  factors. 
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The  magnitude  of  thrust  of  an  RDTT  in  principle  can  be  changed 
in  the  same  manner  as  the  magnitude  of  thrust  of  a  liquid-propellant 
rocket  engine.  However,  in  an  RDTT  this  task  is  complicated  by  the 
limited  possibility  of  influencing  thrust  in  the  period  of  operation 
of  the  engine  and  by  the  strong  effect  of  initial  temperature  of  the 
charge . 

Prom  formulas  (25-2)  and  (25.6)  it  is  evident  that  at  a  fixed 
initial  temperature  of  charge,  when  B  =  const,  two  basic  ways  are 
possible  for  changing  the  magnitude  of  thrust  of  an  engine  which  is 
operating  on  a  specific  propellant  (qt  =  const,  $  =  const). 

1.  Change  of  burning  surface  0  with  a  constant  area  of  cirtical 
nozzle  section  F 

Hp 

The  nozzle  is  not  regulated,  therefore  value  K_  ,  as  was  shown 

Pn 

above,  is  practically  constantly.  Consequently: 
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2. 


Change 
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F  with  a  constant 
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surface  of  combustion. 


The  nozzle  is  regulated.  The  magnitude  of  Kp  changes,  or 

n 

remains  constant,  if  simultaneously  with  F  the  area  of  nozzle  section 

H  p 

Fc  is  regulated.  In  all  cases  the  influence  of  Kp  on  thrust  can 

be  considered  substantially  less  in  comparison  with  the  influence  of 

F  .  Then 
kp 

* 

(25.12) 


Because  for  the  propellants  being  used  v  <  1,  then  it  is  obvious 
that  the  first  means  of  adjustment  of  thrust  makes  it  possible  to 
change  F  in  a  wider  range. 


Let  us  examine  briefly  the  possibilities  of  these  methods  of 
changing  the  magnitude  of  thrust.  The  variety  of  geometrical  forms 
of  charges  and  the  possibility  of  utilization  of  components  of  charges 
make  it  possible  in  planning  to  select  the  necessary  varient  of 
continuous  change  or  constancy  of  burning  surface  in  time.  This  is 
achieved,  however,  in  a  very  complex  manner  and  with  a  limited  degree 
of  accuracy. 

Still  more  complex  is  the  task  of  providing  a  two-stage  program 
of  thrust,  which  may  be  desirable  for  certain  rocket  vehicles.  Such 
a  program  can  be  fulfilled  with  the  help  of  two  different  engines  j 

which  are  located  on  different  stages  of  a  multistage  rocket.  \ 

Frequently,  however,  such  a  solution  is  not  permissible.  c 

s 

A  two-stage  program  of  thrust  can  be  realized  by  a  special  shaping 
of  the  combustion  surface.  Figure  25-1  gives  an  example  of  such  a 
charge  with  internal  burning.  The  initial  magnitude  of  this  surface  1  c 

is  considerable,  and,  consequently,  thrust  is  considerable  (starting  <j 

mode).  After  the  extensions  of  the  charge  burn,  the  surface  of  cl 

combustion  2  decreases  sharply,  and  then  will  change  very  little  f, 

(march  mode).  Figure  25.2  shows  a  charge  consisting  of  two  different 
propellants  with  different  propellants  with  different  rates  of 
combustion.  Inner  layer  1  with  a  high  rate  of  combustion  ensures 
the  starting  stage,  and  peripheral  2,  burning  slowly,  the  march  stage. 


Fig.  25.1.  Example  of  charge, 
ensuring  two  stages  of  thrust. 
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Fig.  25.2.  Example  of  component 
charge. 
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When  using  charges  which  burn  from  end  it  is  possible  to  have 
a  tandem  arrangement  in  the  chamber  of  two  charges  made  up  of  different 
propellants . 

Arrangements  for  obtaining  a  two-stage  program  of  thrust  in  a 
common  chamber  with  one  nozzle  usually  have  the  relationship  of 
thrust  of  the  starting  and  march  stages  of  no  more  than  5-10;  their 
basic  deficiency  is  an  increase  in  the  weight  of  the  structure. 

The  assigned  program  of  thrust  can  be  maintained  more  accurately 
by  regulating  the  area  of  critical  section  of  the  nozzle.  However, 
this  is  a  technically  difficult  way,  especially  when  for  maintenance 
of  value  Kp  (for  example,  preservation  of  mode  of  nozzle  pc  =  ph) 
simultaneously  with  a  change  of  F  it  is  also  required  to  change  Fc  . 

Above  it  was  already  noted  that  the  most  significant  reason, 
causing  a  change  in  the  magnitude  of  thrust  of  an  fDTT,  is  the 
dependence  of  rate  of  combustion  on  the  initial  temperature  of  the 
charge.  This  is  one  of  the  main  reasons  conditioning  the  necessity 
for  controlling  the  magnitude  of  thrust.  Inasmuch  as  the  change  in 
temperature  of  the  charge  can  be  controlled  then  there  is  always 
the  possibility  prior  to  launching  to  consider  the  influence  of  this 
change  on  thrust  characteristics  and  to  take  the  appropriate  measures. 

In  practice  this  is  reduced  to  the  prelaunch  adjustment  of 
area  of  critical  section  of  the  nozzle.  This  can  be  carried  out  by 
two  methods : 

a)  by  changing  the  diameter  of  critical  section  (set  of  launcher 
adapters) , 

b)  by  changing  the  area  of  critical  section  with  a  constant 
diameter  by  means  of  introduction  of  a  special  choke  ("bullet")  or 
("pears"). 


Tuning  of  an  engine  with  the  help  of  a  mobile  choke  can  be 
automatic,  depending  on  surrounding  temperature. 

Adjustment  of  the  area  of  critical  section  prior  to  launching 
of  a  rocket  le  called  prelaunch  tuning  and  Is  used  rather  extensively 
for  ungulded  solid  propellant  rockets.  It  must  be  noted  that  with 
the  help  of  prelaunch  tuning  It  Is  possible  to  compensate  for  scattering 
of  Indices  both  within  a  given  lot  and  between  various  lots  of  solid 
propellant  charges. 

In  considering  the  stated  means  for  adjusting  the  magnitude  of 
thrust  of  solid  propellant  engines  It  can  be  noted  that  tuning  with 
the  aid  launcher  adapters  (nozzles)  or  a  choke  does  not  cause  any 
fundamental  difficulties.  With  a  set  of  a  rather  large  number  of 
launcher  adapters  it  Is  possible  to  achieve  comparatively  accurate 
adjustment.  A  deficiency  of  this  method  13  the  necessity  for  carrying 
out  tuning  directly  before  launching,  for  which  a  definite  expenditure 
of  time  Is  required.  This  has  a  negative  effect  on  the  combat 
readiness  of  the  rocket. 

Por  steady  adjustment  of  thrust  of  an  RDTT  In  flight,  Just  as 
In  the  case  of  a  liquid-propellant  rocket  engine.  It  Is  possible 
to  use  systems  with  a  mobile  choke  or  gas-dynamic  mean^for  changing 
the  area  of  critical  sections.  In  the  latter  case  in  the  range  of 
critical  section,  perpendicular  or  at  a  certain  angle  to  the  axis  of 
the  nozzle,  a  second  gas  is  blown  In  and  in  this  way  the  effective 
magnitude  of  the  section  is  reduced. 

As  an  example  Pig.  25-3  shows  a  possible  change  In  thrust  and 
pressures  In  a  combustion  chamber  depending  on  change  in  the  area  of 
critical  section.  As  can  be  seen,  from  the  point  of  view  of  adjusting 
the  magnitude  of  thrust  by  this  method  the  utilization  of  propellants 
with  a  high  index  In  law  of  combustion  rate  is  effective. 
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Pig.  25.3.  Dependence  of 
thrust  (solid  lines)  and 
pressure  in  a  combustion 
chamber  on  change  in  the 
area  of  critical  section. 


Changing  the  Orientation  of  Thrust 

For  controlling  the  motion  of  an  RDTT  rocket  in  pitch,  course, 

and  rolling  systems  are  necessary  which  change  the  direction  of  the 

thrust  vector.  The  basic  requirements  demanded  of  these  systems  are 

the  same  ones  as  for  systems  for  controlling  the  thrust  vector  of  a 

liquid-propellant  rocket  engine.  Also  the  same  are  the  criteria  for 

estimating  effectiveness  in  a  comparison  of  various  methods  of  control: 

relativejnagnitude  of  controlling  force  P  relative  loss  01-  specific 

thrust  AP  ,  quality  of  system  K  . 

y  •M  y 

The  possible  systems  for  controlling  the  thrust  vector  of  an  RDTT 
are  fundamentally  the  same  as  those  examined  in  Chapter  XIX  for  a 
liquid-propellant  rocket  engine.  These  include:  a)  gas  control-vanes 
in  the  jet  and  outside  the  jet,  annular  nozzles,  obliquely  cut 
adapters;  b)  gas-dynamic  methods  (blowing  in  of  gas,  injection  of 
liquid,  control  panels). 

Construction  features  of  solid  propellant  engines  do  not  allow 
the  using  of  systems  of  rocking  chambers  for  controlling  the  vector 
of  thrust,  therefore  the  nozzle  or  part  of  it  is  usually  slanted. 


Figure  25.4  shows  a  diagram  of  a  rocking  control  nozzle.  The 
nozzle  Joint  (break  of  outline)  is  made  in  the  subsonic  part.  The 
mobile  part  of  the  nozzle  is  attached  in  hinged  suspension  and  is 
coupled  with  the  fixed  part  on  a  spherical  surface;  in  this  case 
deviation  is  carried  out  only  in  one  plane.  Such  a  design  ensures 
rather  large  controlling  forces  with  small  losses  of  specific  thrust 
and  is  intended  for  a  multijet  arrangement,  where  it  makes  it  possible 
to  control  the  flight  of  a  rocket  in  all  three  planes  of  stabilization. 
In  order  to  use  a  rocking  nozzle  in  a  single-jet  design  it  has  to  be 
mounted  in  a  cardan  suspension. 

Fig.  25.4.  Diagram  of  a 
rocking  controlling  nozzle: 

1  —  chamber;  2  -  pin; 

3  —  annular  condensation; 

4  -  nozzle . 


The  basic  characteristics  -  controlling  force  and  losses  of 
specific  thrust  -  are  resolved  Just  the  same  as  for  the  rotary 
chambers  of  a  liquid-propellant  rocket  engine. 

The  practical  realization  of  this  arrangement  is^ a  complex 
design  mission.  High  temperatures  and  pressures  and  the  possibility 
of  condensed  particles  hitting  the  spherical  surfaces  of  nozzle  joints 
hamper  the  development  reliably  operating  sealing  on  the  Joint. 

The  striving  to  get  rid  of  the  deficiencies  which  were  inherent 
to  rocking  controlling  nozzles  led  to  the  investigation  and  development 
of  the  slotted  controlling  nozzle  (Fig.  25.5).  In  this  case  the 
Joint  (break  of  outline)  is  made  in  the  supersonic  part,  i.e.,  in 
the  range  of  comparatively  low  pressures  and  temperatures.  This 
considerably  facilitates  the  conditions  of  work  of  the  seals  iri  the 
area  of  the  joint.  Based  on  effectiveness  and  economy  this  arrangement 
is  not  inferior  to  rocking  nozzle,  in  spite  of  the  break  in  the  outline 
of  supersonic  part. 


Fig.  25.5.  Diagram  of  slotted 
controlling  nozzle. 
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Deviation  of  the  thrust  vector  with  a  multijet  arrangement  can 
be  attained  not  only  with  a  rocking  nozzle,  but  also  by  means  of  its 
rotation  relative  to  the  longitudinal  axis.  A  diagram  of  such  a 
rotating  controlling  nozzle  is  shown  in  Fig.  25.6.  The  basic 
characteristics  of  such  organs  of  control  can  be  calculated,  stemming 
from  the  kinematics  of  rotation  and  geometrical  relationships  of  the 
structural  arrangement  of  the  nozzle. 


Dlraotlon  of 


Fig.  25-6.  Diagram  of  a 
rotating  controlling  nozzle. 


As  an  illustration  Fig.  25-7  shows  the  comparative  characteristics 
of  various  methods  for  controlling  the  thrust  vector  of  an  RDTT .  The 
characteristics  are  calculated  for  a  conditionally  selected  three-stage 
rocket  with  a  useful  load  of  225  t  and  altitude  of  circular  orbit  of 
185  km. 
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Fig.  25.7.  Comparison  of 
effectiveness  of  different 
systems  for  controlling  the 
thrust  vector  of  an  RDTT: 

1  -  gas  controls;  2  -  gas 
deflectors;  3  —  panels; 

4  -  nozzle  on  cardan  suspen¬ 
sion;  5  -  rotating  nozzle; 

6  -  injection  of  liquid. 
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Thrust  Cutoff 


Thrust  cutoff  for  an  RDTT  is  necessary  in  the  same  cases  as 
thrust  cutoff  in  a  liquid-propellant  rocket  engine.  It  can  be 
attained  either  by  reversing  of  thrust  or  by  a  sharp  drop  in  pressure 
in  the  combustion  chamber,  as  a  result  of  which  combustion  of  fuel 
ceases,  or  by  both  simultaneously. 

A  sharp  drop  in  pressure  is  usually  attained  by  opening 
additional  apertures  with  a  rather  large  area.  Products  flowing  out 
of  these  openings  can  be  directed  into  special  nozzles,  the  thrust 
of  which  is  opposite  to  the  thrust  of  the  main  engines.  Then  together 
with  cutoff  there  is  reverse  thrust.  In  order  that  following  a  drop 
in  pressure  the  fuel  ceases  to  burn  the  rate  of  lowering  of  pressure 
should  be  rather  high  -  of  an  order  of  several  tens  of  thousands  of 
bar/s.  For  this  the  apertures  being  opened  should  be  of  considerable 
area. 


In  certain  cases  a  more  convenient  path  for  a  sharp  lowering  of 
pressure  in  the  chamber  of  an  RDTT,  thus  stopping  its  operation, 
are  methods  based  on  the  injection  of  water  into  the  combustion 
chamber  or  Introduction  of  a  powder-like  cooling  medium. 

Following  injection  of  water  into  a  combustion  chamber  its 
atomization  with  a  high  pressure  difference  takes  place  and  the 
evaporating  drops  remove  heat  from  the  products  of  combustion. 

The  drop  In  temperature  and  pressure  in  the  combustion  chamber  depends 
on  the  ratio  of  mass  of  Injected  water  to  mass  of  gas.  It  has  been 
established  experimentally  that  this  ratio  should  be  approximately 
equal  to  two. 

When  extinguishing  an  RDTT  by  means  of  introduction  of  a  cooling 
medium  the  latter  is  atomized  by  blasting  a  special  unit  with  a 
hinge-plate,  for  example,  of  black  powder.  For  extinguishing  an 
engine  ammonium  bicarbonate  can  be  used.  After  blasting  the  hinge- 
plates  of  powder  a  layer  of  sublimating  small  crystals  of  cooling 
medium  is  deposited  on  the  surface  of  the  charge  of  solid  propellants. 
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I  CHAPTER  XXVI 

j 

< 

PROTECTING  THE  WALLS  OF  THE  CHAMBER 

In  this  chapter  we  examine  methods  for  the  calculation  of  the 
thermal  state  of  chamber  walls  of  an  RDTT  with  various  methods  for 
organization  of  heat  shielding:  by  accumulation  of  heat  in  the 
wall,  by  utilization  of  refractory  and  ablating  coatings,  and  by 
radiation  cooling.  Heat  transfer  rate  from  products  of  combustion 
to  the  walls  of  the  chamber  q,  determined  by  the  formulas  in  Chapter 
XIV,  depending  on  local  values  of  thermal-physical  constants  and 
‘  parameters  of  flow,  is  assumed  as  known. 

• 

These  methods  of  a  considerable  extent  are  also  valid  for 
an  uncooled  liquid-fuel  rocket  engine. 

26.1.  Means  of  Liquid-Less  Heat  Shielding 

The  process  of  heat  transmission  form  a  working  body  to  the 
walls  of  an  RDTT  chamber  are  very  intensive  as  a  result  of  high 
temperature  ar.d  velocity  and  pressure  of  gas  flow. 

The  change  in  total  specific  heat  flux  q  is  the  chamber  of  an 
RDTT  in  principle  is  the  same  as  in  a  liquid-fuel  rocket  enrine 
during  stationary  heat  emission  with  a  maximum  close  to  the  critical 
section  of  the  nozzle.  In  chambers  of  an  RDTT  with  a  small  relative 
area  f„D  heat  flows  in  the  prenozzle  volume  can  be  very  considerable 
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in  the  case  of  a  high  velocity  of  r;as  -notion.  In  an  KDTT  there  is 
the  possibility  of  nonstationary  heat  transfer,  conditioned  by  the 
variability  of  wall  temperature  and,  in  contrast  co  an  uncooled 
liquid-fuel  rocket  engine,  by  variability  of  parameters  of  pas  flow. 

A  significant  feature  of  combustion  products  from  composite 
solid  propellants  is  of  condensed  particles  in  them.  In  conjunction 
with  the  high  velocities  of  flow  the  presence  of  condensed  particles 
promotes  erosion  -  the  washing  out  of  surface  material. 

In  cortrmporary  rocket  engines  various  systems  of  liquid-less 
heat  shielding  are  used.  The  fundamental  characteristic  of  some 
of  them  are  given  in  Table  26.1,  below  they  will  be  examined  in 
detail. 


Table  26. 1.  deans  of  liquid-less  protection  of  walls. 


designation 

Inscription 

Temperature 

diagram 

1 

Capacitive 

cooling 

Metallic  thick-walled  chamber. 
Thermal  equilibrium  of  the  wall  is 
not  attained 

2 

Use  of  re¬ 
fractory  coat¬ 
ings 

Heatproof  coating  [T3H]  with  low 
thermal  conductivity  is  used  for 
lowering  of  thermal  flow 

3 

Use  of  abla¬ 
ting  coatings 

On  the  surface  of  coating  chemica] 
reactions  and  phase  transformations 
take  place.  Ourface  of  division  1 
separates  the  condensed  phase  of 
material  from  the  gas;  surface  of 
division  2  separates  the  two  ranges 
of  tiie  condensed  phase 

Coaiiiii  Ttt* 

<1 

ludiation 

cooling 

.-.'alls  of  the  chamber  made  from 
refractory  metal  arc  heated  to 
white  incandescence  and  they  emit 
heat  by  thermal  radiation.  Thermal 
equilibrium  of  the  wall  is 
established 

rs/ss^xsl 

Tax 
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Table  26.1  (Cont'd) . 


Designation  ■ 

Description 

Temperature 

diagram 

5 

Internal 

Porous  refractory  Metallic  matri# 
filled  up  by  vaporizing  material, 
which  exudes,  passing  through  the 
pores  to  the  surface  into  the  gas 
flow 

ggjg} 

eooling 

Charge  of  main  solid  propellant  1 
Is  supplemented  a  propellant  with  a 
low  combustion  temperature  2.  Low- 
temperature  gas  creates  a  gas 
curtain  between  the  wall  and  the 
main  flow  of  gas. 

Each  of  the  systems  of  liquid-less  protection  has  inherent 
advantages  and  deficiencies.  In  connection  with  this  frequently 
combined  systems  for  protection  of  the  walls  are  used,  i.e., 

;  various  combinations  of  methods  of  heat  shielding. 

^  Although  in  this  chapter  only  means  of  llquld-less  heat 
shielding  of  an  RDTT  are  considered  the  utilization  of  cooling 
1  liquids  for  heat  shielding  of  these  engines  Is  not  excluded. 

Passive  and  active  liquid  cooling  of  an  RDTT  are  distinguished. 

In  both  cases  cooling  is  ensured  by  a  cqollng  medium  (metals 
with  low  melting  and:  boiling  polntjs)  enclosed  between  the  nozzle 
and  Its  surrounding  jacket.  However,  In  the  first  case  (passive 
protection)  the  walls  are  cooled  by  liquid  melting  circulating  in 
a  closed  circuit,  and  in  the  second  case  the  molten  metal  is  injected 
through  special  openings  into  the  inner  surface  of  the  wall.  A 
large  expenditure  of  heat  for  evaporation  and  protective  action 
ensures  reliable  cooling. 

26.2.  Accumulation  of  Heat  in  the  Wall 

A  characteristic  property  of  heat  emission  with  accumulation 
of  heat  in  the  wall  is  the  variability  of  the  process.  'ftnr 
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starting  of  the  ermine  the  elements  of  chamber  design  are  heated 
as  a  result  of  accumulation  of  heat  (heat  withdrawal  into  the 
surrounding  medium  is  practically  negligible). 


*  .  ‘  . 

Wall  temperature,  which  in  the  beginning  is  identical  throughout: - 
\  its  thickness  and  is  equal  to  Tctq,  rises  rapidly  on  the  inner 
side  and  more  slowly  on  the  outer  (Fig.  26.1). 


i 

I 

» 


Fig.  26.1.  Distribution  of  temper¬ 
atures  in  wall  during  variable 
heating. 


In  connection  with  the  increase  of  surf *041  tM$**ature  on  the 

part -of  gas  specific  thermal  flow,  which  depends  b  as*.  c*±ly  ajjgthe 
difference  of  temperatures  of  the  wall  from  the  outer  sTde  and  on 
the  part  of  the  gas  T  -T__  ,  Is  diminished,  therefore  the  temper- 

ature  of  the  wall  increases  rapidly  at  first  and  then  slowly, 

/  i. ,  • 

asymptotically  approaching  the  temperature  of  the  gas  and  equalij'fing 

*  ( : '[*  |’J  , 

itself  over  the  thickness  of  the  wall.  With  achievement  of  T  ' 

ct.t  ;• 

*  T  (theoretically  after  an  infinitely  long  time)  the  transfer  of 
0 

heat  ceases.  Figure  26.2  shows  temperature  shifts  in  the  wall  t° 
with  time  at  various  distances  from  the  fire  surface  y  and  change 
in  specific  thermal  flow  q.  As  it  appears,  an  increase  In  the 
temperature  of  material  of  the  wall  in  layers  v/hich  are  removed 
from  the  fire  surface  is  slowed  down. 


During  the  calculation  of  heating  of  chamber  walls  the  process 
of  heat  transfer  is  usually  assumed  unidimensional  for  the  sake 
of  simplicity;  heat  flow  In  the  surrounding  medium  is  disregarded 
in  comparison  with  the  Inner  (on  the  part  of  gas)  flow.  With 
such  assumptions  for  the  calculation  of  variable  heat  exchange  one 
can  use  tl<e  equation 
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(26.1) 


"L  =  a  — 

dx  dy* 


with  the  following  boundary  and  initial  conditions: 


t=0;  T(y,  const; 

(26.2) 

y=0,  g=  —  *■«(?-)  : 

(26.3) 

\dy  !y- o 

(26. H) 

wbare  «  -  thickness  of  wall;  a=-^-  -  coefficient  of  thermal 

*CT<lcT 

conductivity ;  y  —  distance  from  firs  in  a  direction  perpendicular 
to  tbs  wall. 
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Fig.  26.2.  Temperature  shift 
in  wall  tcT  and  specific 

thermal  flow  q  in  time  (*»’,  ■ 

■  2900  W/m2*deg,  steel  wall). 
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Equation  (26.1)  together  with  boundary  conditions  (26 . 2 )— (26 . b ) 
is  valid  both  for  a  single-layer  and  a  multilayer  wall;  in  this 
oass  for  a  multilayer  wall  coefficients  a  and  x  will  have  different 
values  for  separate  layers. 
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For  simplicity  of  recording  the  following  equations  let  us 
present  specific  heat  flux  in  the  form: 

(26.5) 


where  aj  -  arbitrary  coefficient  of  heat  emission,  considering 
convective  and  radiant  heat  exchange. 

An  accurate  solution  of  equation  (26.1)  with  allowance  for 
change  with  time  in  the  value  of  q  and  change  from  temperature  in 
magnitudes  of  a  and  X  presents  known  difficulties.  Usually  the 
approximate  method  of  elementary  balances  is  used  or  the  numerical 
method  of  integration  in  finite  differences. 

In  the  case  of  using  the  method  of  finite  differences  the  wall 
is  divided  in  thickness  into  m  layers  and  private  derivatives  in 
equation  (26.1)  are  written  with  finite  differences: 


At  At 


(26.6) 


AT 

•V 


Tin+n.*  —  T„.k 
&y 


n.k 


by 


by 


(26.7) 


where  f,, T„it  -  temperature  in  n-th  layer  at  moments  of  time 

Tk+1  And  Tk*  indice8  (n  -  1),  (n  +  1)  relate  to  (n  -  1)  and  (n  +  1) 
layers  respectively. 

Substituting  equalities  (26.6)  and  (26.7)  in  equation  (26.1), 
we  obtain  the  calculation  dependence: 

T' —  7»*  a\y  ( TI «  +  !).»  — 7', 1.7 (26.8) 

Temperature  gradient  on  t  ie  inner  surface  of  the  wa-11  is  determined 
with  the  help  of  boundary  condition  (26.3): 


Calculations  are  simplified  If  we  consider  the  variability  of 
convective  heat  flux  qH  with  the  help  of  the  formula  of  conversion 
(14.55)  •  Utilization  of  this  formula  makes  it  possible  to  consider 
not  only  the  variability  of  wall  temperature ,  but  also  physical 
constants  and  parameters  of  flow  with  time. 

The  calculations  can  be  simplified  even  more,  if  we  make  such 
assumptions : 

1)  coefficient  of  heat  emission  from  gases  to  the  wall  u,  is 
constant  in  time  and  is  equal  to  a  certain  effective  value  ; 

2)  thermal-physical  constants  of  the  wall  c„,  q„)  do  not 
depend  on  temperature. 

Then  the  solution  of  differential  equation  (26.1)  has  form 

[2]: 


0 


I -l 


_ 

ins  <1 >i 


(26.9) 


where  are  sequential  values  of  roots  (i  •  1  to  -)  of  equation 

Bi  'i’,  tg  *•»/.  (26.10) 

In  expressions  (26.9)  and  (26.10)  the  following  values  are  used: 


Bi  — *  —— —  Biot  criterion; 

"cr 

Fo  Jt  -  Pourier  criterion. 


Dependence  (26.9)  with  consideration  of  only  one  root  value 
(i  ■  1)  is  usually  depicted  graphically  [*0  and  is  applied  in  the 
following  manner.  For  each  instant  t  and  for  various  values  of 
y  (usually  y  ■  0,  y  ■  5/2,  y  ■  5 )  Bi  and  Fo  values  are  determined 
and  based  on  them  the  magnitude  of  0.  With  the  help  of  this 
magnitude  wall  temperatures  on  the  part  of  gas  TcJ  r,  middle  and 
outer  are  found.  In  this  case  values  of  y  equal  zero,  5/2,  and  6 
respectively. 

The  average  time  value  a,  which  is  necessary  for  determination 
of  the  Bl  criterion  can  be  calculated  by  the  formula 

j  (I ;  (Te  Tcr.r)  IT 

-  (26.11) 

I  (T t  —  T’cr.r)  IT 

6 

Inasmuch  as  preliminarily  the  dependence  T  _  _  ■  f(0  is 

CT  .  I 

unknown,  in  first  approximation  one  could  use  the  magnitude  of  JT;, 
determined  for  the  mean  temperature  of  the  wall  on  the  part  of  gas 

L'r  \  _  4-  ^  ...•ifm 

' '  cr.r1  cp  2  *  • 

then,  after  obtaining  the  dependence  T  _  .  repeat  the  calculation 

CT  e  I  \  T  ) 

with  a  refined  magnitude  for  . 

The  accumulation  of  heat  by  the  walls  of  a  chamber  in  the 
process  of  variable  heat  exchange  with  gas  is  the  basis  for  the 
method  of  so-called  capacitive  cooling  of  a  chamber. 

It  is  obvious,  that  the  time  of  safe  operation  of  a  chamber 
of  this  type  will  be  limltedly  by  the  time  in  which  the  temperature 
of  the  fire  surface  of  the  wall  TCT>f_  reaches  the  maximum  permissible 
value.  During  capacitive  cooling  this  temperature  is  close  to  the 
melting  temperature  of  the  material  if  the  deep  layers  of  the  wall 
ensure  the  necessary  strength.  The  time  for  achievement  of  a 


temperature  which  Is  dangerous  In  this  sense  depends  on  the  magnitude 
of  melting  (or  sublimation)  temperature  for  the  given  material,  Its 
heat  capacity,  and  thermal  conductivity. 

The  higher  the  heat  capacity  of  the  material,  the  greater  the 
amount  of  heat  which  can  accumulate  In  the  bulk  of  the  wall,  and  the 
slower  will  be  the  Increase  of  wall  temperature  on  the  part  of  the 
gas.  An  Increase  In  thermal  conductivity  of  a  material  allows  the 
more  rapid  draining  of  heat  from  the  fire  surface  and  slows  down 
the  growth  of  Tct 

Various  materials  have  different  combinations  of  values  of 
heat  capacity  and  thermal  conductivity,  therefore  under  Identical 
conditions  the  time  of  safe  operation  for  them  Is  different. 

Plgure  26.3  shows  temperature  shift  in  a  wall  on  the  part  of  gas 
under  conditions  which  are  characteristic  for  rocket  engines 
(Initial  t. nperature  difference  between  gas  and  surface  3300°K; 
q  ■  16«10^  W/m2;  a)  ■  5600  W/m2*deg)  for  three  different  materials. 
The  curves  are  brought  to  melting  points. 


Pig.  26.3*  Time  of  safe  performance 
of  a  wall  made  from  various  materials: 
1  -  soft  steel;  2  -  aluminum  alloys; 

3  -  copper. 


As  It  appears  the  time  of  safe  operation  of  a  copper  wall  Is 
substantially  greater  than  for  steel,  despite  its  lower  melting  point 
and  approximately  identical  thermal  heat,  .capacity .  The  reason  is  the 
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considerably  greater  thermal  conductivity  of  copper.  This  is  also 
confirmed  by  the  graph  in  Fig.  26.4,  where  the  temperature  distribution 
is  shown  through  the  thickness  of  a  wall  2  s  after  the  beginning  of 
heating  (conditions  the  same). 

In  a  steel  wall  the  ieat  absorbed  by  the  fire  surface  is  le<? 
down  into  the  walls  at  a  slower  rate  than  in  copper,  therefore 
the  temperature  of  the  surface  increases  very  rapidly,  whereas 
neighboring  layers  of  material  remain  relatively  cold.  In  this  way 
the  thermal  capacity  of  a  steel  wall  is  used  only  partially,  and  the 
time  of  safe  operation  is  limited  by  thermal  conductivity.  One 
ought  to  add  that  high  thermal  conductivity  is  also  favorable  because 
it  decreases  the  temperature  gradient  in  the  wall,  due  to  which 
thermal  stresses  in  it  are  reduced. 


Fig.  26.4.  Temperature  distri¬ 
bution  in  copper  and  steel  walls: 
1  -  soft  steel;  2  -  copper. 


Protection  of  chamber  walls  is  facilitated  by  using  materials 
which  are  more  refractory  than  ordinary  structural  metals.  Such 
materials  are  metals  of  type  molybdenum,  tungsten,  titanic  alloys, 
various  types  of  ceramics  and  ceramic  metal,  graphite,  pirographite. 

Conditions  for  heating  the  wall  of  an  RDTT  depend  on  the  change 
In  the  initial  temperature  of  the  charge.  For  an  illustration  of 
this  in  Table  26.2  design  values  are  given  for  the  distribution  of 


temperatures  in  a  7.1  mm  thick  steel  wall  which  is  washed  by  gas 
at  various  values  t  .  Low  initial  temperature  of  the  charge 
corresponds  to  less  pressure  in  the  combustion  chamber,  and 
consequently,  less  va)ue  for  coefficient  of  heat  emission.  Simul¬ 
taneously  there  is  an  increase  in  combustion  time  and  overall  amount 
of  heat  imparted  to  the  wall,  and  its  average  temperature  increases. 
However,  in  this  instance  the  heat  is  distributed  more  evenly 
through  the  thickness  of  the  wall,  therefore  the  most  dangerous 
temperature  of  the  inner  surface  is  lowered,  and  the  temperature 
of  the  outer  surface  and  average  temperature  of  the  wall  increases. 
Consequently,  from  the  point  of  view  of  strength  (in  calculations 
usually  strength  characteristics  with  T  _  are  used)  the  conditions 

C T  •  Cp 

of  operation  at  low  temperatures  of  a  charge  are  determining  during 
calculation  of  elements  of  construction. 


Table  26.2.  Influence  of  initial  temperature  of  charge  on  heating 
of  the  chamber  wall  of  an  RDTT. _ _ 


Initial  temperature  of  charge  in  °C 

-23 

+60 

Average  pressure  in  combustion  chamber  in  bare 

67 

134 

Time  of  combustion  In  s 

1.40 

0.70 

Temperature  at  end  of  combustion  in  °C: 
on  the  inner  surface 

1090 

1320 

on  the  outer  surface 

227 

149 

Average  temperature  in  °C 

560 

538 

Average  Increase  in  temperature  in  °C 

583 

478 

Quantity  of  heat  Imparted  to  wall,  in  kJ/m2 

18, <»50 

14,500 

As  a  result  of  the  heavy  weight  of  massive  walls  and  practical 
absences  of  protection  from  erosion  the  method  of  accumulation  of 
.  heat  (capacitive  cooling)  has  limited  usefullness  basically  in  model 
engines  with  small  time  of  operation. 

26.3.  The  Use  of  Refractory  Coatings 

Refractory  material  can  be  used  as  heat-insulating  c  ratings  for 
insulation  of  the  basic  material  of  wall  on  the  part  of  the  fire 


surface.  Their  protective  effect  is  illustrated  schematically  in 
Fig.  26.5.  A  refractory  protective  covering  is  able  to  withstand  a 
high  temperature  T  and  therefore  reduce  heat  flow.  According 
to  the  equation 


</ 


TU'.r-Tt) 


the  highest  temperature  of  the  basic  material  comprises 

ai 

Since  refractory  coatings  usually  have  low  thermal  conductivity, 
then  the  temperature  of  the  basic  material  is  considerably  lower 
than  the  temperature  of  the  fire  surface.  As  is  apparent,  in  this 
instance  low  thermal  conductivity  is  not  a  deficiency  (if  melting 
temperature  of  the  coating  is  rather  high). 


# 


Fig.  26.5.  Temperature  distribution 
in  a  two-layer  wall. 


Among  the  requirements  which  must  be  satisfied  by  refractory 
coatings  the  most  significant  are  such:  reliable  protection  with 
minimum  weight  of  coating,  good  cohe3iveness  (adhesion)  of  coating 
with  the  basic  material  with  high  resistance  to  erosion,  thermal 
and  mechanical  shocks,  and  vibration  loads. 

The  thickness  of  refractory  coatings  can  comprise  from  fractions 
of  a  millimeter  to  several  millimetric.  It  is  appropriate  to  note 
that  the  propellant  charge,  secured  to  the  housing  of  the  engine, 


as  a  result  of  the  low  thermal  conductivity  of  propellants  also  plays 
the  role  of  heatproof  coating. 

As  material  for  coatings  refractory  metals  (molybdenum,  tungsten, 
tantalum,  niobium,  and  others)  or  ceramic  metals  (oxides  of  aluminum, 
magnesium,  zirconium;  carbides,  nitrides  and  borides  of  certain 
metals)  are  recommended.  It  is  possible  to  use  graphite.  Character¬ 
istics  of  some  of  the  enumerated  material  are  presented  in  Table 
26.3. 


Table  26.3.  Characteristics  of  some  refrac¬ 
tory  materials. 


Material 

Tempera¬ 
ture  of 
melting 
or  decom- 
poeitlon 

3C 

? 

O 

H 

ii 

v  M 
°  O 

i 

Coefficient 
of  linear 
expansion. 

a- 106 

Zoefflclent 
or  thermal 
conductivity] 
W 

Specific 

heat 

capacity 

kJ 

A 

m-deg 

C  kg-deg 

Molybdenum 

2*120 

10,2 

5,1 

140,72 

0,252 

Tungsten 

3370 

19,34 

4.3 

168,63 

0, 133 

Tantalum 

3027 

16,6 

6.5 

54,68 

Niobium 

19.'0 

8,5 

7,06 

47,68 

0,267 

Carbon  (graphite) 

35a 

2,25 

7,86 

174,45 

0,669 

Pyrognaphite 

3i00 

2,22 

50/90" 

372,37/1.87 

0,962 

Aluminum  oxide 

2030 

3,96 

8.1 

2,59 

1,13 

Beryllium  oxide 

2548 

3,01 

8,0 

14,9^ 

1,80 

fegneslum  oxide 

2802 

3,58 

14,3 

3,48 

0,78 

Thorium  oxide 

2800 

9,69 

9,4 

0,25 

Zirconium  dioxide 

2701 

6,27 

11.0 

0,72 

0,70 

Boron  earblde 

2449 

2,51 

4,5 

1,73 

Silicon  carbide 

2700 

1 

25/1200 

52, 30/4, 184 

1,25 

Titanium  carbide 

3100 

— 

7,78 

0.88 

Boron  nitride 

2730 

0,77/7,51 

12,13 

0,92 

•For  anle jtrople  materials  the  characteristics  are  given 
separately  for  longitudinal  and  transverse  directions, 

e 

Temperature  distribution  in  a  wall  with  a  refractory  coating 
can  be  found  by  solving  equations  (26.1)  with  the  corresponding  change 
in  boundary  conditions.  The  solution  is  substantially  simplified, 
if  along  with  the  previous  assumptions  concerning  the  constancy  of 
values  a)  and  thermal-physical  constants  of  the  material  of  the 


coating  and  walls  one  were  to  disregard  the  temperature  gradient 
in  the  basic  material  of  the  wall.  The  last  assumption  is  valid 
in  the  case  when  the  element  of  the  carrying  construction  is  made 
from  metal  (thermal  conductivity  of  the  metal  is  usually  considerably 
greater  than  the  thermal  conductivity  of  the  coating),  or  in  the 
case  of  a  large  thickness  of  coating. 

With  such  assumptions  the  solution  of  equation  (26.1)  can  be 
presented  in  a  form  similar  to  expression  (26.9).  In  this  case  we 
introduce  the  additional  criterion  C 9 3 1 


^  ___  _ CcT^CT^fT 

Bi  1  q  fnHM 


(26.12) 


and  the  Blot  and  Fourier  criteria  are  calculated  on  the  character 
istics  of  the  coating  (index  "n”): 


Ad  y2 

The  solution  of  equation  (26.1)  in  the  form  of  a  functional 
dependence 


0 


=/(Bi,  Fo,  (i) 


(26.13) 


for  calculation  purposes  is  conveniently  approximated  by  the 
dependence  [8] 


lg  6 -=0,0212 


0.45 


(i  ■)-  0,4 


Fo. 


(26.1*0 


As  analysis  shows,  the  accuracy  of  approximation  of  solution 
(26.13)  in  the  range  y  ■  0.2-20  it  comprises  approximately  1-2X; 
with  y  *  0  errors  increase,  remaining  within  the  limits  of  10-12;. 
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Now  the  calculation  of  the  thickness  of  heat-insulating  coating 
6r  made  from  refractory  material*  which  for  an  assigned  time  ensures 
the  temperature  of  the  wall  on  the  boundary  with  the  coating  lower 
than  T^,  can  be  carried  out  in  such  a  sequence: 

I 

a)  we  select  the  material  for  the  coating  (c  ,  \  ,  p  )  and 

°  n  n  n 

assign  it  the  thickness  dnl; 

b)  we  determine  the  Bi  and  u  criterion  and  magnitude  of  e; 

c)  from  equation  (2$. 14)  we  find  the  Po  criterion,  which  gives 
the  new  value  of  thickness  6n2. 

If  value  «n2  differs  substantially  from  $nl,  then  the  calculation 
is  repeated  from  point  (a),  using  value  5n2» 

In  an  analogous  way  the  assignment  concerning  determination  of 
wall  temperature  with  a  known  thickness  and  properties  of  coating 
can  be  solved. 

Table  26.4  gives  the  calculation  values,  characterizing  the 
Influence  of  the  refractory  coating  on  the  distribution  of  temper- 
atures  in  the  wall.  As  can  be  seen,  a  thin  layer  of  coating  with 
low  thermal  conductivity  sharply  lowers  the  heat  flux  in  a  steel 
wall  and  considerably  improves  the  conditions  of  its  performance. 


Table  26.4.  Temperature  distribution  in  the  wall  of  a  combustion 
chamber  for  an  RDTT. 


Without  With 

thermal  thermal 

insulation  insulation 


Thickness  of  wall  in  mm 

Thickness  of  layer  of  thermal  insulation  in  mm 

Temperature  at  end  of  combustion  in  °-C: 
on  the  inner  surface  of  thermal  insulation 
on  the  inner  surface  of  a  steel  wall 
on  the  outer  surface  of  a  steel  wall 

Average  temperature  of  steel  wall  in  °C 

2 

Amount  of  heat  imparted  to  wall,  in  kJ/m 


3.05 


3.30 

0.25 

1790 

483 

260 


26. *1.  Use  of  Ablating  Coatings 


Considered  as  one  of  the  basic  methods  for  the  protection  of 
walls  is  the  use  of  coatings  which  undergo  ablations.  The  term 
(ablation)  generalizes  the  totality  of  various  phenomena,  which 
appear  following  heating,  thermal  decomposition,  and  subsequent 
removal  of  substance  from  surface  of  a  solid  body  which  is  washed 
by  a  hot  gas  flow.  In  this  case  heat  is  expended  for  phase  trans¬ 
formations  (melting,  evaporation,  sublimation)  and  endothermic 
reactions  of  pyrolysis  (for  organic  substances)  in  the  surface 
layer  of  the  coating.  Furthermore  a  protective  effect  is  rendered 
by  gaseous  products  which  are  liberated  during  ablation,  since  their 
temperature  is  usually  lower  than  the  temperature  in  the  nucleus 
of  flow.  Therefore  in  contrast  to  refractory  coatings  the  use  of 
ablating  coatings  is  possible  at  any  temperature  of  combustion 
products . 

Thermal  insulating  materials  which  undergo  ablation  muBt 
satisfy  many  requirements.  Below  the  basic  ones  are  given. 

1.  Low  thermal  conductivity.  At  small  X  the  conversion  and 
removal  of  a  substance  will  proceed  only  In  the  surface  layer,  which 
will  prevent  overheating  and  loss  of  strength  of  the  basic  material. 

2.  High  heat  of  ablation,  i.e.,  a  large  quantity  of  heat 
being  spent  in  processes  of  heating  and  conversion  of  the  carrier 
surface  layer. 

3.  Extensive  gas  formation,  ensuring  the  thickening  of  the 
boundary  layer  and  lowering  of  thermal  flows  into  the  wall. 

*4.  Satisfactory  resistance  to  thermal  and  mechanical  shocks 
and  erosion. 

The  optimum  combination  of  enumerated  physicochemical  character¬ 
istics  can  guarantee  the  least  weight  and  low  relative  loss  of  weight 


of  the  coating  during  Insulation.  Materials  with  a  high  heat  of 
ablation  are  not  always  the  best.  Thus  In  pure  graphite  heat  of 
ablation  Is  evaluated  as  a  quantity,  exceeding  23*10^  kJ/kg.  How¬ 
ever,  as  a  result  of  comparatively  high  thermal  conductivity 
(X  %  186  W/m*deg)  a  considerable  quantity  of  heat  Is  imparted  to 
the  wall,  leading  to  an  Increase  In  Its  temperature.  If,  however, 
graphite  Is  used  in  conjunction  with  a  material  possessing  low  thermal 
conductivity,  then  in  this  case  the  high  heat  of  ablation  of  graphite 
will  be  used  effectively. 

Among  coating  materials  which  undergo  ablation  there  are 
substances  which  sublimate  during  heating  (coatings  made  from  mineral 
salts  and  organic  binders),  those  which  melt  and  evaporate  (various 
types  of  rubber  Insulation,  quavtz),  and  combinations  of  them.  A 
distinctive  feature  of  these  coatings  Is  the  surface  removal  of  a 
substance  without  the  formation  of  a  charred  layer. 

A  large  group  of  ablating  materials  are  the  reinforced  plastics 
on  the  basis  of  phenol,  silicon-organic,  and  other  resins  (heat 
absorber)  with  a  structure  carrier  made  from  quartz  fiber  and  other 
substances.  Such  plastics  have  a  high  heat  of  ablation,  extensive 
gas  formation,  and  the  porous  coke-like  residue  from  the  pyrolysis 
of  resins,  having  a  low  thermal  com*  *-ivity,  Is  good  protection 
for  the  basic  material.  A  dlstir  .  mature  of  ablating  materials 
of  this  group  Is  the  Inner  removal  .  n  substance. 

An  important  problem,  connected  with  the  ablation  of  material  in 
nozsles.  Is  the  change  In  sections  of  a  nozzle  with  time,  mainly 
the  critical  section.  For  a  small  and  regular  change  In  nozzle 
section  in  time  the  rate  of  ablation  should  be  low,  constant  in  time, 

a 

and  Identical  along  the  perimeter  of  the  section.  In  the  opinion 
of  some  researchers  [3],  nozzles  are  possible  with  admissible 
erosion  of  critical  section  which  are  made  wholly  from  plastic.  At 
known  regularities  of  ablation  change  of  FHp  and  programs  of  thrust 
can  be  evaluated  by  calculation. 


A  pressure-time  diagram  typical  for  a  nozzle  with  a  coating 
which  undergoes  ablation  is  shown  in  Pig.  26.6.  A3  Is  apparent,  an 
increase  of  PHp  with  time  leads  to  a  lowering  of  pressure  in  the 
combustion  chamber.  The  effect  of  lowering  of  pK  is  diminished  with 
an  increase  in  critical  throat  diameter  [7].  However,  by  selection 
of  the  configuration  of  the  charge  another  form  of  diagram  can  be 
obtained.  A  neutral  diagram,  for  example,  can  be  given  by  a 
progressively  burning  charge  in  conjunction  with  increase  of  PMp 
with  ablation. 


Fig.  26.6.  Change  of  pressure  in 
chamber  with  erosion  of  the 
critical  section:  1  -  dKp  ■  1575; 

2  -  660;  3  -  82;  4  -  3?. 


Calculation  of  Ablating  Coating  with  Surface 
Removal  of  a  Substance 

The  basic  group  of  ablating  coatings  of  this  tyne  s  made  up 
of  materials  which  sublimate  upon  heating.  Characteristics  of 
some  of  them  are  given  in  Table  26.5* 

Let  us  examine  cases  of  stationary  ablation,  when  the  surface 
of  the  ablating  coating  moves  into  the  material  at  a  constant  linear 
rate  u.  The  distance  of  any  point  inside  the  coating  from  the 
sublimating  surface  c  (Fig.  26.7)  for  any  instant  t  is  equal 

to:  * 


(26.15) 
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Table  26.5.  Characteristics  of  some  abla- 
tine  substancas. 


Substance 

Density 

1 0 — * 

!>mpo mtur«  of  dgcoaposltlon 

•c 

Htat  of 
mibl tmation 
or  of  dis¬ 
sociation 

k'A* 

Mg,s, 

1500  (dtcoapotliion) 

6912 

SI,N, 

3.44 

It  sublimates 

11715 

AIN 

3.26 

2T00  (sublimation) 

15564 

NH,F 

1.315 

It  sublimates 

5338 

NH4CI 

1.327 

355  (sublimation) 

4159 

A  IF, 

3.07 

1270 

3766 

SIS, 

It  sub  1  issues 

2903 

CdO 

6.0.5 

900—1000  (deaomposltlon) 

2903 

ZnO 

5.61 

1600  (sublimation) 

3326 

Fig.  26.7.  For  the  calcula¬ 
tion  of  ablating  coating. 


Lot  us  use  In  the  aquation  of  thermal  conductivity  (26.1), 
Instead  of  variable  y  the  quantity  c.  Since  the  process  Is 
stationary  (T  •  const,  u  •  const),  that  from  formula  (26.15)  It 
follovs  that 

—  =>1-— *t  in  r>T_,  <n_  _  7 

’  iV*  ~  4?  '  i,\  ~  u  <t:  ‘ 


and  the  equation  of  thermal  conductivity  (26.1)  assumes  the  form: 


•here  iT-—  ■ 

■ 


x  —  — 

^  4V  “  rft  * 


(26.16) 
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Equation  (26.16)  has  the  general  solution: 


7  -r,V  '*r  (26.17) 

where  Integration  constants  and  c2  can  be  determined  from 
conditions 

»  oo,  7  7  c,u,  ci  - 

:=  o.  t-  r„  f,--tr<-rntv«r- 

Having  substituted  the  values  of  constants  c^  and  o2  In  equation 
(26.17).  we  finally  obtain: 

T-T^ir.-T^e-^r,  (26.18) 


where  Tctq  ■  const  -  Initial  iperature  of  coating;  Ts  ■  const  - 
surface  temperature,  equal  to  temperature  of  sublimation. 

Plow  of  heat,  which  Is  drawn  from  the  surface  of  the  coating 
Into  the  material  of  the  wall  Is  equal  to 


or  In  accordance  with  the  formula  obtained  from  expression  (26.18) 
for  derivative  017)0 c 


T„„). 


(26.19) 


Thermal  flow  qx,  applied  to  the  surface  of  sublimating  coating, 
should  be  examined  with  allowance  for  absorption  of  heat  by  the 
sublimate  which  Is  moving  toward  It: 

?i  </  —  (26.20) 
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«h«r*  q  -  h**t  flux,  determined  without  allowing  for  gas  formation 
during  aubllmatlon;  I*,  Xg  -  enthalpy  of  main  flow  and  gaseous 
sublimate  at  corresponding  temperatures  Tg  and  Tg;  nq  -  experimental 
coefficient,  equal  to  *0.8  for  laminar  flow  and  *0.4  for  turbulent 
C63, 

* 

By  compiling  the  balance  of  heat  In  the  form 

(26.21) 

where  Qg  heat  of  sublimation,  w*  find  the  rat*  of  stationary 
subllswtlon  (ablation) 


th»IOi  +  (7*#  —  r„„)r,  +  n,  (/  —  /,)|  (26.22) 

With  a  known  time  of  operation  of  the  engine  t  the  thickness 
of  the  layer  which  la  sublimated  In  this  time  Is 

=  (26.23) 


and  the  minimum  thickness  of  coating,  ensuring  a  permissible 
temperature  on  boundary  of  the  coating  and  the  carrier  construction 

T  -  Taon» 


t  +  1-ai-^ln  T*r-T'"  . 

*  ‘t  “  '  rO 


(26.24) 


A  characteristic  of  calculation  of  organic  coatings,  which 
are  decomposed  during  heating  without  the  formation  of  a  charred 
layer,  la  the  dependence  of  mass  rate  of  ablation  also  on  temper¬ 
ature  rg,  which  Is  determined  formally  by  the  law  of  Arrenlus  [5]: 

e 

m,  <t„u  Ke  (26.25) 

a 

where  E  -  energy  of  activation,  K  -  pre-exponential  coefficient. 
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Substituting  in  equations  (26.19)-(26.21)  the  value  onu  from 
expression  (26.25)*  from  equation  (26.21)  by  selection  It  Is  possible 
to  find  the  temperature  T  ,  and  then  the  rate  of  ablation  u. 

S 

The  stationary  ablation  examined  by  us  is  the  limit  to  which 
the  process  of  ablation  approaches  asymptotic.  However*  as  calcula¬ 
tions  show  [6]*  after  a  short  Initial  period*  conditioned  by  warming 
up  of  the  coating  to  the  temperature  on  the  surface  Ts*  the  process 
of  ablation  differs  practically  Insignificantly  from  stationary. 

Ablating  of  this  type  of  coating  is  used  In  a  number  of  designs 
realised.  As  an  example  one  can  name  ungulded  rocket  projectile 
"Honest  John"  [12]  and  the  engines  of  the  three-stage  rocket  "Minute- 
man"  [10].  The  Initial  thickness  of  ablating  coatings  being  applied, 
depending  on  the  conditions  of  operation  can  be  from  several  milli¬ 
meters  to  tens  of  millimeters. 

Ablating  Coatings  with  Internal  Removal 
of  a  Substance 

An  Important  class  of  ablation  compositions  are  plastic  materials 
on  an  organic  base.  With  Intensive  heating  thermal  decomposition 
of  the  binding  substance  (filler)  takes  place;  this  Is  known  as  the 
reaction  of  pyrolysis.  Under  conditions  of  an  engine  chamber  In 
the  case  of  an  Inadequate  rate  of  flow  the  residues  of  thermal 
decomposition  can  form  a  porous  charred  layer  reaching  several 
millimeters  on  the  surface. 

The  basic  type  of  reinforcing  fibers  for  ablating  plastics  are 
graphite  fibers  and  fiberglass.  Under  conditions  of  large  forces 
of  shift  graphite  fibers.  In  contrast  to  fiberglass*  do  not  melt* 
which  makes  It  possible  to  avoid  melt  erosion.  For  gas  flows  with 
a  high  oxidising  capability  In  the  case  of  prolonged  operation  there 
Is  substantial  Interest  in  fibers  made  from  polycrystalline  xlrconlum 
dioxide.  Besides  the  Increased  resistance  to  oxidation,  these 
fibers  have  a  smaller  coefficient  of  thermal  conductivity  than 
graphite  fittings. 
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Effective  performance  of  an  ablation  thermal  shield,  including 
eroalon  resistance.  Is  possible  only  If  thermal  decomposition  of 
resins  Included  in  its  composition  proceeds  with  the  formation  of  a 
strongly  carbonised  layer  on  the  surface.  Therefore  the  greater 
the  expenditure  of  solid  products  of  the  pyrolyals  reaction  (usually 
carbon),  the  better  the  fittings  are  maintained  and  the  higher  the 
strength  of  ihe  carbonised  layer.  Phenol,  phenyl-silane,  and  epoxy 
resins  as  fillers  are  used. 

Calculation  of  an  ablation  coating  with  inner  removal  of  sub- 
substance  can  be  completed  only  approximately,  for  example,  based 
on  the  dependences  given  in  work  [8]. 

26.5.  Radiation  Cooling 

In  the  ease  of  radiation  cooling  thermal  flow  from  high- 
temperature  products  of  combustion  is  transmitted  to  the  wall  of 
chamber  by  convection  and  by  radiation,  and  from  the  wall  to  the 
surrounding  medium  -  only  by  radiation. 

After  starting  the  engine  the  initial  temperature  of  the  wall 
Increases  rapidly  and  after  it  reaches  a  certain  equilibrium  value 
T  practically  remains  constant  and  identical  throughout  the 

CT  e  p 

thickness  cf  the  vail.  In  a  first  approximation  this  temperature 
man  be  determined  from  equation  of  balance  of  heat,  transmitted  to 
the  wall  by  combustion  products  and  drawn  from  it  by  radiation: 


where  «CT  -  degree  of  blackness  of  the  external  surface  of  the 

chamber. 


Emitting  power  «  of  the  surface  of  a  chamber  depends  on  the 
material  and  state  of  its  surface.  Por  contemporary  metals  and 
coatings  data  on  c  are  limited. 
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Results  from  the  solution  of  equation  (26.26)  can  be  presented 
In  a  form  analogous  to  Fig.  26.8. 


Fig.  26.8.  Dependence  of  wall 
temperature  on  temperature  of 
gas  flow  in  the  case  of  radia¬ 
tion  cooling. 

The  change  of  wall  temperature  in  time  up  to  the  moment  of 
achievement  of  equilibrium  temperature  T  is  determined  from 

C  T  e  P 

equation 

(26,27) 

where  T  -  temperature  of  wall  at  the  moment  of  time  t. 

c  •  • 

The  Joint  solution  of  equations  (26.26)  and  (26.27)  makes  it 
possible  approximately  to  find  the  temperature  T0  based  on  experimen¬ 
tally  measured  values  of  dT  . _/d  .  T _ ,  T  _ 

C  T  T  t  CTT  CT.p 
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Effective  removal  of  heat  from  the  chamber  walls  by  radiation 
begins  at  a  temperature  T„_S  700°K.  At  this  temperature  radiation 
removes  about  IS  of  the  heat  transmitted  to  the  wall  by  combustion 
products.  The  process  of  heat  withdrawal  becomes  practically 
stationary  with  achievement  of  a  temperature  of  1700-l800wK. 

A 

Utilisation  of  ordinary  structural  materials  contained  the 
development  of  the  radiation  method  of  cooling.  Successes  In 
Industrial  mastering  of  refractory  metals  -  tungsten,  molybdenum, 
tantalum,  and  others  -  made  It  possible  to  apply  this  form  of  cooling 
more  extensively. 

Advantages  of  radiation  cooling  over  other  methods  lie  in  the 
fact  that  the  structure  of  the  chamber  is  simple  and  light,  there 
are  no  limitations  on  conditions  of  heat  exchange  with  a  change  In 
mode,  and  service  life  of  the  engine  chamber  Is  Increased. 

However,  utilisation  of  the  radiation  method  of  cooling  has 
a  number  of  limitations,  the  most  significant  of  which  Is  the 
requirement  for  a  comparatively  low  pressure  In  the  engine  chamber. 
Inasmuch  as  with  the  development  of  large-scale  rocket  engines  toe 
problem  of  reducing  the  slse  and  weight  Is  solved  to  a  certain 
extent  by  selection  of  high  pressure  In  the  chamber  pN,  then 
radiation  eoollng  of  engines  with  high  thrust  can  be  applied  only 
on  sections  of  the  enlarging  part  cf  the  nossle. 

The  second  significant  deficiency  of  the  method  of  radiation 
eoollng  la  the  neeo  of  positioning  the  chamber  on  the  flight  vehicle 
In  such  a  way  as  to  guarantee  heat  removal  by  radiation,  for  example, 
omtslde  the  aircraft.  A  chamber  unit  Inside  the  flight  vehicle 
is  undesirable. 

Utilisation  of  the  method  of  radiation  cooling  is  also  difficult 
for  other  reasons.  Refractory  metals  upon  heating  to  a  high 
temperature  and  subsequent  cooling  recrystallize  and  become  brittle, 
which  is  undesirable  for  repeated  launchings.  At  high  temperatures 
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there  is  intensive  oxidation  of  the  chamber  surface  by  products  of 
combustion  and  the  surrounding  air.  To  avoid  oxidation  it  is  necessary 
to  apply  special  coatings.  However,  a  numoer  of  contemporary 
coatings  will  go  out  of  comission  at  a  temperature  of  about  1500- 
1600°C.  and  scratches  on  coatings  promote  a  reduction  of  engine 
performance.  Welding,  stamping,  and  other  technological  operations 
with  refractory  material  to  a  sufficient  degree  have  still  not  been 
mastered.  Certain  refractory  metals  become  brittle  under  the 
Influence.  Inasmuch  as  hydrogen  is  formed  in  the  combustion  products 
of  many  rocket  propellants,  then  this  limitation  can  be  decisive. 

The  radiation  method  of  cooling  can  find  application  in  low- 
thrust  liquid-fuel  rocket  engines  used  for  steering  on  space  vehicles 
and  in  engines  for  correction  and  manoeuvres  (with  low  thrust  and 
pressure  in  the  cosrtmstlon  chamber  up  to  *3.5  bar).  Utilisation  of 
the  radiation  method  for  cooling  the  enlarging  part  of  the  nossle 
of  chambers  of  engines  working  on  liquid  and  solid  propellant  is 
Justified  if  thermal  flow  from  the  gas  to  the  wall  and  local  pressure 
of  combustion  products  on  the  given  section  of  the  nossles  is  low, 
and  the  nossle  extends  beyond  the  outer  casing  of  the  flight  vehicle. 
The  combustion  chamber  and  subcrltlcal  part  of  the  nossle  in  this 
instance  should  be  cooled  by  other  means. 
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CHAPTER  XXVII 


SELECTION  OP  OPTIMUM  PARAMETERS 

In  this  chapter  an  analysis  is  made  of  the  bases  for  rational 
selection  of  propellant  and  the  site  and  parameters  of  the  combustion 
chamber  and  noztle  of  an  RDTT . 

27.1.  Features  in  the  Selection  of  Optimum 
Parameters  of  an  RDTT 

Selection  of  rational  values  of  parameters  for  an  RDTT  Is 
intimately  connected  with  optimisation  of  parameters  of  the  rocket. 
The  latter  can  imply  those  values  which  correspond  to  minimum 
starting  weight  when  fulfilling  operational  requirements  and 
sufficient  reliability. 

Optimum  engine  parameters  -  pressure  in  the  combustion  chamber 
and  on  the  nozzle  section,  thrust,  time  of  operation,  dimensions  - 
are  closely  connected  with  the  parameters  of  the  rocket  -  number 
of  stages,  thrust-weight  ratio,  distribution  of  weight  by  stages, 
and  others.  The  complete  solution  of  the  mission  of  selection  of 
optimum  design  parameters  of  a  solid  propellant  rocket  is  very 
complex.  It  is  necessary  to  solve  the  mission  of  finding  the  values 
of  a  large  number  of  parameters,  connected  with  complex  dependences, 
at  which  a  certain  function  of  them,  for  example,  launching  weight 
of  a  rocket,  will  have  a  minimum  value. 


We  will  consider  a  simpler  case  with  minimum  limitations  Imposed 
on  the  parameters,  when  In  the  task  of  designing  a  solid  propellant 
engine  Installation  It  Is  necessary  to  determine  only  value  of 
total  pulse  I£.  Selection  of  fuel,  geometry  of  the  charge  and  of 
the  chamber^, and.  pressures  In  the  combustion  chamber  and  the  exit 
from  the  nozzle  can  be  relatively  free. 


The  principles  of  selection  of  optimum  values  for  these  para¬ 
meters  are  the  same  as  for  a  liquid-fuel  rocket  engine,  but  they 
also  have  a  specific  nature. 

j  formerly,  most  commonly  used  criterion  of  effectiveness  Is 
the  relationship  of  total  pulse  to  complete  weight  of  the  vehicle. 
As  Is  known.  It  can  be  written  In  the  form 


('*0 


Pyfi r 

Go 


(27.1) 


where  A  -  relative  content  of  propellant  on  the  vehicle. 

From  expression  (27.1)  It  follows  that  effectiveness  of  the 
system  Is  raised  with  an  Increase  In  the  mean  specific  thrust 
PyA  and  relative  content  of  propellant  A. 

Structural  perfection  of  an  RD TT  Is  determined  by  the  coefficient 
of  weight  of  construction  aN,  representing  the  ratio  of  weight  of 
engine  structure  (housing,  heat  shielding,  nozzle  unit)  to  the 
weight  of  the  propellant.  This  coefficient  Is  connected  with  A 
by  the  following  evident  relationship: 


1  +  a. 

or 


i  a 


A 
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With  allowonoo  for  the  lot Ur,  oxprooolon  (27*1)  can  bt 
trlUm  att 


froa  which  it  follow*  that  for  lnerooolng  tho  effectiveness  of  tho 
system  It  lo  necessary  to  hove  minimus  values  of  ooofflolont  of 
wo&sbt  «H.  Tho  Halt,  to  wbloh  Ij/Og  strives,  it  aotn  spool fio 
thrust.  In  good  dosigns  tho  value  of  Ij/Oq  oan  rsseh  0.90-0.95 
froa  tho  osgnltudo  of  opoolflo  thrust  (l.e.,  A  •  0.90-0.95)  whloh 
o or responds  to  «M  ■  0.11-0.05. 

Lot  us  writs  tho  full  weight  of  the  vehiele  Qg  in  the  following 
aonner; 


Go  —  G„|  +  G„j + G7, 


(27.3) 


where  Qm1  -  weight  of  engine  structure;  Qk2  -  weight  of  other 
ports  of  the  vehiole. 

Weight  of  the  engine  structure  consists  of  weight  of  the 
combustion  chamber  and  of  the  nozzle: 


Gni  —  G„x  +  Gc. 


(27. *») 


Now  the  value  of  I^/Gq  con  be  presented  as: 


F  r  —  (i 

— *  =  FJ  — 
(h  ylOo 


Pu 


G  +<t  +  F?+] 
G,  uT  (/T 


(27.5) 


The  weight  of  the  combustion  chamber  can  be 
consisting  of  the  weight  of  the  cylindrical  part 


considered  as 
and  weight  of 


676 


the  two  flat  end  plates.  Aotually  tht  pittas  trs  •lllptlotl  or 
spherical »  on*  of  them  (In  ths  nossls  tnd  of  tht  charge)  is  not 
compact}  there  art  otrtaln  fittings  for  tht  combustion  chamber, 
hosmr,  during  qualitative  analysis  this  dots  not  have  to  bt 
oonsldtrtd. 

Weight  of  tht  cylindrical  part  of  tht  combustion  chamber  Is 
tqual  to 


Ga~2nrK.tLt.tbQ*,  (27*  6) 

where  r  and  LH>C  -  radius  and  length  of  cylindrical  part  of 
eoabustlon  chambtr;  4  -  thickness  of  wall;  -  density  of  wall 
material. 

Wtlght  of  the  two  flat  tnd  plates 

C.-atry*.  (27.7) 

Ultimately  the  wtlght  of  the  combustion  chamber  Is 

C«.<  ”  2'ruxtQuLn.'  (l  +2^) ' 

Wall  thickness  Is  determined  from  conditions  of  strength: 

(27.8) 

0 


whtrt  p„  -  pressure  In  the  combustion  chamber;  or  -  permissible 
stress  for  the  given  material. 

With  a  calculation  of  expression  (27.8)  we  obtain 

G«.c  =  2nrJcZK^K«5.Ji+^.j.  (27.9) 
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Weight  of  the  propellent  charge  In  the  combustion  chamber  can 
be  written  In  the  following  manner: 

An  (27.10) 


where 

v. 

*  (27.11) 

Is  the  volumetric  ratio  of  propellant  to  volume  of  the  combustion 
chamber,  called  the  density  of  loading. 

On  the  basis  of  expressions  (27.9)  and  (27.10)  let  us  write 


^  =  2  ~(  \  4- — V 

0 T  «  Or  4  \  Lu,tf 


(27.12) 


Substituting  this  expression  In  equality  (27.5)  we  obtain 


ji 

Go 


Pj* 


2  On  P* 

o  Ct 


(27.13) 


An  Important  consequence  of  analysis  of  expression  (27.13) 
is  the  necessity  of  selecting  a  material  with  maximum  value  o/p  . 
Specifically,  despite  the  lower  permissible  stresses,  aluminum 
alloys  and  reinforced  plastics  have  greater  values  of  o/p  than 
steel.  For  some  bodies  of  rockets  such  as,  for  example,  the 
American  "Mlnuteman"  rocket,  titanium  alloys  are  used. 

The  materials  should  be  evaluated  at  temperatures  which  are 
characteristic  for  the  structure  with  a  consideration  for  a  lowering 
of  o/pu  with  an  increase  in  temperature. 

Pi 
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If  we  consider  the  parameters  entering  In  aquation  (27*13)  to 
Independent  from  ono  another,  than  It  nay  ba  eonoludad  that  an  lnoraaaa 

In  effectivenesses  la  alao  promo  tad  by: 

« 

1)  lnoraaaa  In  apaolflo  thruat  PyAi 

2)  lnoraaaa  In  danalty  of  propallant  aTi 

3)  lnoraaaa  In  danalty  of  loading  a; 

H)  daoraaaa  In  praaaura  p  ; 

5)  daoraaaa  In  gaonatrleal  characteristics  of  combustion 
chamber  r„  /L 

K  aO  NaC 

6)  daoraaaa  In  weight  of  notala  0„  and  other  parts  of  the 

C 

atruotura  0m2. 

Hove Tar,  the  majority  of  these  parameters  are  Interconnected 
with  aaoh  other,  therefore  a  change  In  one  of  them  Is  reflected 
on  others,  which  also  must  ba  considered  during  determination  of 
conditions  for  ensuring  the  maximum  effectiveness  of  the  engine. 

27.2.  Selection  of  Propellant 

The  characteristics  of  propellant  which  directly  Influence 
the  value  I£/Qq  are  apaolflo  thrust  and  density  of  propellant. 

An  optimum  propellant  should  have  a  combination  of  and  pt, 
which  provides,  with  other  parameters  equal,  the  maximum  effectiveness 
of  the  system,  l.e.,  maximum  value  Ij/Qq.  In  this  respect  selection 
of  propallant  for  an  RDTT  la  no  different  from  selection  of  propel¬ 
lant  for  a  liquid-fuel  rocket  engine.  When  a  change  of  propellant 
for  any  reason  causes  a  change  in  density  of  loading  A,  then  it 

la  necessary  to  consider  7  _  and  the  derivative  of  p,A. 

yA  T 
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Density  of  loading  A  is  always  loss  than  ■  unit,  boesuso  port 
of  the  volume  of  tho  ooabustlon  chamber  ooouplod  by  the  charge 
Inhibitor  and  by  adaptations  for  fixing  It  In  east  of  an  Inserted 
oharge.  In  chambers  with  ehargea  which  burn  along  the  aide  surfaces, 
a  free  area  and  volume  Is  left  for  the  movement  of  gas  flow.  There¬ 
fore  for  charges  with  end  eoabustlon  density  of  loading  la  greater 
than  for  charges  with  eoabustlon  on  aide  surfaoes.  In  the  first 
case  a  ■  0.8-0.97,  and  In  the  second  A  ■  0.25-0.80.  Lesser  values 
pertain  to  aultlgraln  charges. 

Usually  a  change  of  fuel  entails  a  change  In  the  weight 
characteristics  of  the  engine.  The  following  position  Is  a  character¬ 
istic.  In  a  number  of  cases  fuels  which  develop  a  high  speolfle 
thrust  also  have  a  high  temperature  of  eoabustlon: 

*  Vfl. 

High  temperatures  In  the  passage  require  an  increase  In  weight, 
mainly  due  to  heatproof  coatings  and  relnforoement  of  strained 
elements  of  structure.  The  necessary  Increase  in  weight  Is  wore 
considerable  for  engines  with  a  prolonged  period  of  operation. 

Based  on  statistical  data,  for  example,  the  weight  of  a  nossle  Is 
proportional  to  the  magnitude  of  total  pulse: 

Gc-a/i  (27.lt) 

and  consequently: 

°«=  aPy,G,v>VT'.  (27.15) 

If  with  Identical  pta  we  compare  propellants  with  various 

specific  thrust,  conditioned  by  various  temperature  Tm,  then,  » 

as  this  Is  clear  from  equation  (27.13),  magnitude  of  I£/00  should 

change  with  the  maximum.  An  increase  In  specific  thrust  increases, 

and  a  simultaneous  increase  in  the  weight  of  the  nozzle  G  and 

c 


+ 
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the  combustion  chamber  0N|O  (as  a  result  of  decrease  in  permissible 
•trtiA  •)  diortutt  Ir/00.  Figure  27.1  Alievs  the  results  or  sueh 
An  analysis  vlth  An  Assigned  totAl  pulse  1{.  Zn  this  esse  the 
mailmum  of  effectiveness  of  1  /0(  corresponds  to  the  minimum  of 
eoaplete  weight  0  •  determined  by  formula  (27.3). 


Some  of  the  weight  of  the  struoture  On1  Is  proportlonsl  to 
speelfle  thrust: 

another  part  0r2  does  not  depend  on  it: 

(7m  -  const. 

Propellent  weight  0T  Is  equal  to 


and  consequently: 


Ultimately 

Go  +  const  +  ~3~ 

Is  a  function  whloh  Is  changed  by  Fy^  with  a  minimum. 
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Lbl9  Utilisation  of  elastic  fuels  makes  It  possible  to  use  charges 

with  otntral  channel  fastened  with  the  engine  housing.  In  the 
ease  of  sufficient  elastlolty  the  area  of  the  channel  can  approximate 
the  area  of  critical  section  so  that  the  density  of  loading  reaches 
the  highest  possible  values.  The  fact  that  during  the  entire  time 
of  operation  the  propellant  charge  protects  the  engine  housing  from 
the  action  of  high  temperatures  makes  it  possible  to  reduce  the 
weight  of  heatproof  coating*  Improve  the  values  aM,  and  reduce  the 
effect  of  Increased  temperature  on  the  weight  of  the  structure. 

Thus  the  fuel  with  the  greatest  effectiveness  must  be  determined 
with  a  consideration  of  the  Influence  of  Its  properties  on  the 
weight  of  the  structure. 

In  ensuring  a  high  effectiveness  of  the  engine  system  a  fuel 
must  satisfy  a  number  of  other  requirements.  Above  we  clarified 
the  need  for  low  sensitivity  of  oombustlon  rate  to  pressure  (small 
v)  and  low  temperature  sensitivity  (small  vp)  In  all  operational 
ranges  of  charge  temperatures.  It  Is  advisable  that  the  fuel  not 
be  Inclined  to  erosion  and  resonant  combustion  and  have  a  low 
threshold  of  abnormal  combustion.  Since  the  charge  experiences 
high  stresses*  good  mechanical  features  are  required  of  the  charge. 
For  composite  propellants  mechanical  features  are  improved  with 
Increase  In  the  propellant  of  the  elastic  binder,  the  role  of  which 
Is  usually  played  by  the  combustible.  Consequently,  for  such 
propellants  small  values  of  stoichiometric  relationship  of  oxidizer 
and  propellant  are  desirable. 

Important  requirements  are  those  for  a  low  coefficient  of 
thermal  expansion  of  charge  and  a  good  bond  between  it  and  the 
housing  and  the  inhibitor.  The  charge  must  be  chemically  inert 
and  stable  during  prolonged  storage.  Also  very  significant  are 
the  requirements  for  a  simple  and  safe  technology  of  production. 


I 
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27.3.  Selection  of  Sixes  of  Charge  and 
dombusilon  Chamber 

With  an  assigned  value  of  total  pulse  I£  and  a  selected  propel¬ 
lant  with  specific  thrust  the  weight  of  the  necessary  propellant 
0T  and  its  volume  VT  are  determined  uniquely.  A  charge  with  volume 
VT  should  be  placed  in  a  combustion  chamber  of  the  least  weight. 

For  an  assigned  wall  material  (fixed  value  o/pM)  the  minimum  of 
weight  corresponds  to  specific  values  for  the  radius  and  of  the 
combustion  chamber.  Let  us  show  this  in  an  example  of  the  arrange¬ 
ment  of  a  tubular  charge  with  a  free  area  which  is  constant  length¬ 
wise  and  with  initial  value  Fcg0  assigned  [1]. 

The  weight  of  the  combustion  chamber  we  will  present  as  the 
weight  of  the  cylindrical  part  [see  (27.6)]  and  the  weight  of  the 
two  end  plates  [see  <27-7 ) 3 »  less  the  weight  Fcg0«pM  on  section 
of  area  free  for  the  passage  of  gases. 

Then 


G«.c  —  Ik?*  (2 nrK  cLK't  -j-  2nrl  c  —  FcM) 


c 

k 

c 

d 

e 


or  with  a  consideration  of  expression  (27.8) 


W”rl.A.c  +  2n  r*  c  -  FtMrKC). 


(27.16) 


t 

n 

m 


Length  of  the  combustion  chamber  is 


where  Pg  -  area  of  cross  section  of  charge. 
Since 


then 


*rl.'  ~ 


v\ 


1..C  2  c 

•'^K.C  '  CHO 


of 

CO 


(27.17) 
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Substituting  this  expression  in  equality  (27.16),  we  obtain: 


« 


c*"~*  ^  -  ^4 


(27.18) 


For  determination  of  optimum  radius  of  the  combustion  chamber 
expression  (27.18)  must  be  differentiated  with  respect  to  r  „ 

H  e  C 

and  the  derivative  equated  to  zero. 

This  gives 


(6Jir 


2 

K.C 


Fta)(nrl  FcMf=tnrl''tVTF"0. 


(27.19) 


The  value  of  r  „  found  from  expression  (27.19)  is  optimum. 
Substitution  of  it  in  equation  (27.17)  determines  the  optimum  value 
of  length  of  the  combustion  chamber  L  Deviations  from  optimum 

dimensions  of  a  combustion  chamber  notioeably  increase  its  weight, 
especially  at  small  lengthenings  L„,c/rHtC» 

In  the  example  given  an  approximate  solution  is  received, 
the  weight  of  the  inhibitor,  auxiliary  units,  and  so  forth  were 
not  considered.  The  results  can  be  refined  without  changing  the 
method  of  analysis. 

Since  the  value  of  specific  thrust  depends  on  pressure  in 
the  combustion  chamber  p  ,  tlhen  V  also  depends  on  p  .  Consequently 

K  T  h 

the  optimum  dimensions  of  a  combustion  chamber  depend  on  pressure. 

27.^.  Selection  of  Pressure  in  a 
Combustion  Chamber 

The  maximum  of  value  I£/Gq,  or  with  an  assigned  Ij.  -  a  minimum 
of  weight  Gq  to  optimum  pressure  in  the  combustion  chamber  should 
correspond . 


♦ 
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Consequently  tho  oondltlon  of  optimality  pu  takes  the  form 

,Ui'  i  n 

•'kJ'i  •  (27.20) 


Part  of  ths  weight  Qh2  can  be  considered  as  not  depending  on 

PN<  The  weight  of  the  nossle  0C,  as  was  mentioned ,  is  proportional 

to  I£  (pressure  pH  varies  with  a  constant  degree  of  lowering  of 

pressure  in  the  nossle  t  ) .  Then 

c 


Go «■  const  +  <7KiC  +  G  r 

and  equation  (27.20)  we  will  write  as: 


I  '<h ' 

\  ‘ip.  i  ,t 


(27.21) 


Since 


then 


(27.22) 


Now  the  condition  of  optimality  p  acquires  the  following  form: 

n 


1  /  r\  I  rfp,, 

\  <i\  Jts  T\,  ip„ 


(27.23) 


An  analytical  solution  of  this  equation  Is  difficult. 


Minimus  weight  0Q  can  be  determined  on  charts  tueh  as  thosa 
glvon  In  Fig.  27.2  [1].  At  assigned  valuta  of  pN  tht  optimum 
dimensions  of  a  combustion  chambsr  and  ita  weight  art  determined 
by  tha  method  glvan  In  tha  pravloua  aaotlon.  Walght  of  tha  eonbuatlon 
ohaabar  and,  oonaaquantly,  walght  of  tha  ant Ira  struotura  inoraaaaa 
with  an  lncraaa#  In  praaaura  pH.  At  tha  aaaa  tlaa  tha  walght  of 
tha  propallant  naoaaaary  for  aohlavlng  tha  aaalgnad  I£  la  daortaaad. 
Thla  datorr.lnaa  tha  change  of  0^  with  a  ainlaun,  whloh  also  corres¬ 
pond  a  to  optimum  praaaura  In  tha  combustion  ohaabar. 


Fig.  27.2. 
of  optimum 
ooabuation 

■  105  N*s, 


For  the  selection 
press  ire  In  a 
ohaabar  (I£  •  2  * 


■  2). 


Aa  la  st>r*r*nt,  tho  alnl-ius  of  <Jq  la  shifted  to  tha  alda  of 

larger  p4  vl'.h  am  Increase  of  par mis  sib  la  strata  e.  Siaultanaoualy 

thl3  minimum  beo'-ie  s  ..ora  doping.  In  connection  with  the  last 

circumstance  It  la  possible  to  vllow  a  deviation  froa  p  in 

<t.onr 

order  to  unsure  tbo  it-her  requirements  (stability  of  combustion, 
heat  emission,  and  -o  forth).  Optimum  values  of  pH  Increase  with  a 
decrease  In  the  duration  of  operation  of  tho  engine.  According 
to  published  lata  they  lie  In  the  range  of  35-105  bar. 

27.5.  Selection  of  Nosalt  Dlatnaloni 


In  the  j.orali  weight  of  an  Hl/TT  a  considerable  portion  belongs 
to  tho  nozzle.  The  welrnt  of  nozzle  "an  constitute  more  than  30-501 


•$r  vr>e  weight  of  th<2  engine  structure.  This  is  explained  mainly 
by  tf-j  fit  v.viioe  of  cooling  of  nozzle  walls  which  are  not  screened 
by  a  layer  of  propellant. 


Selection  of  optimum  outlet  pressure  from  the  nozzle,  thus 
Influencing  the  size  of  the  nozzle,  amounts  to  determining  the 
maximum  of  I£/aQ,  with  an  assigned  I£,  a  minimum  of  weight  0Q. 
The  condition  optimality  appears  as  follows: 


(27.2H) 


In  the  value 

Go  =  Gk.c  +  Gp  +  Gk2  +  Gt 

the  only  variables  are  0„  and  0T;  consequently  It  Is  possible  to 

C  T 

write 


=0. 


Because  by  analogy  with  expression  (27.2^) 

\  <Pc  I,  P'l,  ' IP c  ’ 


(27.25) 


then  the  condition  of  optimality  Pc  acquires  the  following  form 

I  /  '/Of  \  I  lip y, 

y>A~<tpc  hi  py,  ~tpY  ■  (27.26) 

For  practical  purposes  a  graphic  method  of  solution  similar 
tj  the  previous  case  can  be  used. 
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In  connection  with  the  greater  weight  of  the  nozzle  walls 
optimum  values  of  pressure  p  received  for  an  RDTT,  all  other 

V 

things  being  equal,  are  significantly  higher  than  for  a  liquid- fuel 

rocket  engine.  Furthermore  the  designer  sometimes  deviates  from 

optimum  values  to  the  side  of  larger  p  due  to  the  same  considerations 

as  for  a  liquid- fuel  rocket  engine.  In  certain  cases  the  values  of 

p  taken  exceed  the  value  of  atmospheric  pressure  at  the  earth, 
c 

Constructively  a  decrease  in  the  weight  of  the  nozzle  is 
achieved  by  shaping  of  nozzle,  carrying  this  out  Just  as  for  liquid- 
fuel  rocket  engine,  and  by  using  light,  mainly  nonmetallic  materials 
and  coatings.  Sometimes  replacement  of  one  long  nozzle  by  several 
short  ones  can  guarantee  a  gain  in  weight.  It  is  necessary,  however, 
to  keep  in  mind  that  the  rationality  of  such  a  replacement  must 
be  evaluated  with  a  consideration  of  losses  of  specific  thrust  in  a 
multijet  design.  With  an  increase  in  the  number  of  nozzles  and 
preservation  of  overall  surface  being  washed  by  the  gas  the  Reynolds 
number  of  the  flow  is  lowered,  and  consequently,  the  coefficient  of 
friction  increases  as  well  as  the  losses  of  specific  thrust  to 
friction  conditioned  by  this.  Reduction  in  the  length  of  nozzles 
means  a  decrease  in  the  time  of  stay  of  the  gas  in  the  nozzle  and 
an  increase  of  losses  to  thermodynamic  nonequilibrium  and  nonequili¬ 
brium  of  a  two-phase  flow.  For  Illustration  Fig.  27.3  shows  the 
results  of  a  tentative  calculation  of  change  in  losses  of  specific 
thrust  with  a  change  in  the  number  of  nozzles  [4].  The  quantities 
represent  an  increase  in  losses  of  specific  thrust,  conditioned 

by  friction  (4P  „  _  thermodynamic  nonequilibrium  (4P.,„  „  ) 

yfl.Tp  *  y,q.T.H 

and  Jointly  with  other  effects  for  a  design  with  i  nozzles 

in  comparison  with  a  single  nozzle  design: 


Thus,  during  transition  to  a  multijet  design  a  decrease  in  the 
weight  of  the  nozzle  and  a  lowering  of  specific  thrust  exert  an 
opposite  Influence  '-n  the  Indices  of  the  vehicle  -  (Ij/Gq  or  V  ). 


r 
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Fig.  27.3.  Change  in  losses  of 
specific  thrust  depending  on 
number  of  nozzles  (P  ■  9T, 


35) 


27.6.  Tendencies  in  the  Development  of  RDTT 

On  the  basis  of  publications  about  achievements  and  promising 
developments  in  RDTTs  it  is  possible  to  examine  the  basic  trends 
in  the  development  of  these  engines.  A  characteristic  feature  of 
recent  years  is  the  wider  introduction  of  RDTT  in  those  areas  of 
rocket-space  technology,  where  until  recently  only  liquid-fuel 
rocket  engines  were  used. 

Combat  rockets  of  various  classes,  from  tactical  to  intercon¬ 
tinental  ballistic  missiles,  have  engine  installations  which  operate 
on  solid  propellant.  In  the  field  of  carrier  rockets  fqr  space 
objects  powerful  RDTTs  are  being  used  as  boosters  in  the  first 
stage  as  well  as  highly  effective  space  engines  (for  example,  the 
braking  RDTT  of  the  moon  vehicle  "Surveyor").  In  the  future  even 
wider  utilization  of  RDTTs  is  planned,  especially  in  those  areas 
where  engine  Installations  are  required  which  have  thrust  which  is 
measured  in  thousands  of  tens.  Thus  contemporary  RDTTs  have  a 
thrust  which  reaches  hundreds  of  tons,  and  those  being  developed  - 
thousands  of  tons.  The  period  of  operation  of  these  engines  reaches 
hundreds  of  seconds  and  more.  In  essence,  engines  using  solid 
propellant  can  be  used  and  to  a  considerable  extent  are  being  used 
for  solving  practically  all  missions  which  are  assigned  to  contemporary 
rocket  technology. 
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The  wider  utilization  of  RDTTs  is  explained  by  the  successful 
realization  of  the  basic  advantages  of  this  type  of  engine  - 
simplicity  and  high  reliability,  constant  readiness  for  operation, 
low  cost.  The  last  factor  becomes  especially  significant  if  one 
considers  the  relative  simplicity  of  operation. 

Achievement  of  these  high  qualities  in  action  become  possible 
because  of  successes  in  the  field  of  materials  and  technology  of 
production  of  housings,  propellants,  fault  detection  of  charges, 
and  a  number  of  other  areas. 

Under  these  conditions  one  of  the  Important  trends  in  the 
perfection  of  RDTTs  Is  improvement  of  their  weight  and  power  character¬ 
istics.  The  utilization  of  more  effective  propellants,  Just  as 
formerly,  is  considered  as  a  means  for  a  considerable  Increase  in 
the  specific  pulse  of  solid  propellant  engines.  In  this  case, 
however,  the  requirement  not  only  of  preserving,  but  also  of 
Improving  the  physical-mechanical  features  of  charges  is  significant. 

Existing  composite  fuels,  predominantly  consisting  of  polymeric 
fuel-binding  ammonium  perchlorate  oxidizer  and  of  aluminum  powder  can 
be  improved  by  replacement  of  each  of  the  three  basic  components. 

Some  possible  trends  are  examined  in  detail  in  Chapter  XXII. 

A  considerable  reserve  of  improvement  of  power  characteristics 
of  an  Ri.iTT  is  the  increase  in  the  perfection  of  processes  of 
combustion  and  discharge.  Specifically  one  of  the  ways  is  the 
lowering  of  lo33es  connected  with  velocity  nonequilibrium  of  two- 
phase  flow  by  means  of  the  appropriate  shaping  of  the  nozzles.  The 
utilization  of  new,  is  more  durable,  and  lighter  structural  materials, 
fiberglass  for  example,  for  manufacture  of  the  housing  and  nozzles 
more  affective  heatproof  coatings,  and  also  improvement  in  the 
design  of  engines,  is  one  of  the  basic  trends  for  perfection  of 
weight  characteristics  of  an  RF/TT.  An  increase  in  the  coefficient 
of  iilling  the  volume  of  the  engine,  which  is  possible  with  an 
increase  In  the  elasticity  and  utrergth  of  charges  <jf  the  solid 


propellant,  can  also  serve  this  goal.  As  a  rule  contemporary  engines 
have  a  charge  which  Is  rigidly  fastened  to  the  casing  and  Is 
obtained  by  priming  with  propellant  mass  directly  In  the  housing. 

Por  large-scale  engines  It  is  planned  to  assemble  the  charge  from 
sections,  the  sizes  of  which  make  It  possible  to  readily  produce, 
transport,  and  control  them.  In  case  of  a  sectional  charge  the 
weight  characteristics  of  the  engine  turn  out  to  be  somewhat  lower 
than  In  the  case  of  pouring  in  the  housing. 

For  designs  of  recent  years  a  characteristic  has  been  the 
transition  from  multijet  to  single-nozzle  designs.  In  this  case 
they  usually  use  designs  with  a  recessed  nozzle,  which  makes  It 
possible  to  substantially  reduce  the  length  of  the  engines.  The 
use  of  single-nozzle  designs,  which  have  better  weight  and  power 
characteristics,  become  possible  specifically  due  to  the  development 
and  mastering  of  new  means  for  controlling  the  thrust  vector  -  such 
as  Injection  of  liquid,  blowing  in  of  gas,  and  others  (see  Chapter 
XXV). 


Serious  attention  Is  given  to  the  solution  of  problems  of 
regulating  RDTT  thrust,  cutoffs,  ignitions,  and  repeated  switching 
on  of  engines. 

r 

In  the  Investigation  of  operations  and  development  of  methods 
for  reliable  calculation  of  operations  problems  which  are  common 
with  liquid-fuel  rocket  engines  can  be  noted.  In  most  cases  these 
are  connected  with  the  movement  of  the  reaching,  two-phase  working 
body.  The  rapid  development  of  reliable  and  effective  RDTTs  Is 
possible  only  on  a  basis  of  perfected  methods  for  calculating  the 
strength  of  the  charge  and  housing,  processes  of  Ignition,  stationary 
mode,  and  engine  cutoffs.  The  missions  of  theory  include  a  description 
of  combustion  processes  of  the  propellant  and  flows  of  products  In 
the  channel  of  the  charge  and  the  nozzles,  heat  exchange  with  walls 
of  the  engine  housing  and  the  nozzle,  and  other  basic  processes. 

The  present  wide  distribution  and  great  prospects  for  RDTTs  in  the 
future  will  give  particular  urgency  to  missions  of  development  and 
a  more  precise  definition  of  methods  for  the  calculation  of  engines. 
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CHAPTER  XXVIII 


HYBRID  ROCKET  ENGINES 

This  chapter  contains  a  brief  consideration  of  Sw  .  *  basic 

features  of  operation  of  hybrid  rocket  engines.  Some  information 
about  characteristic  propellants  is  presented. 

28.1.  General  Information 

A  characteristic  property  in  the  organization  of  operation  in  a 
hybrid  engine  is  combustion  of  the  charge  of  solid  propellant  of 
oxidizer  with  the  washing  of  its  surface  by  a  second  component  in  a 
liquid  or  gasified  state;  both  components  are  stored  onboard  the 
rockets . 

The  solid  component  of  a  (TP/3,)  [GRD  -  hybrid  rocket  engine]  is 
located  in  the  combustion  chamber,  into  which  another  component  is 
fed,  in  such  a  manner  that  the  solid  component  burns  under  the  action 
of  the  flow  of  combustion  products  moving  along  its  surface  with  a 
surplus  of  the  second  component.  Figure  1.13  showed  two  basic  variants 
of  a  GRD  on  a  solid-liquid  propellant:  a  "straight"  arrangement 
(solid  combustible  and  liquid  oxidizer)  and  a  "reverse"  arrangement 
(solid  oxidizer  and  liquid  combustible).  According  to  the  nature  of 
operation  they  are  joined  by  an  engine  with  separate  solid  charges  of 
fuel  and  oxidizer  (separate  loading  which  is  presented  in  Fig.  28.1. 
This  variant  belongs  to  the  (PflTT)  [RDTT  -  solid-propellant  rocket 
engine]  class,  Inasmuch  as  both  components  of  the  propellant  are 
solids  in  the  original  form. 


i 


Pig.  28.1.  Arrangement  of  an  engine 
with  separate-loading  propellant 
charges:  1  -  charge  with  surplus  of 
oxidizer;  2  -  charge  with  surplus  of 
propellant 3  -  throttle;  4  -  igniter. 


An  engine  installation  on  hybrid  propellant  occupies  a  certain 
"intermediate"  position  between  the  (WPA)  [ZhRD  -  liquid-propellant 
rocket  engine]  and  the  RDTT.  At  the  same  time,  in  comparison  with 
each  of  these  the  QRD  can  have  certain  advantages  under  specific 
conditions  of  utilization. 

An  important  feature  of  hybrid  rocket  engines  is  the  possibility 
of  using  as  propellant  in  them  components  which  cannot  be  used  in 
engines  with  other  systems.  In  many  instances  the  maximum  power 
characteristics  or  greatest  densities  of  propellant  can  be  attained 
with  components  which  are  found  in  various  aggregate  states .  In  a 
>  QRD  solid  components  can  be  used,  which  based  on  conditions  of 

(  compatibility  cannot  be  used  in  a  RDTT,  and  in  those  ratios  with  the 

oxidizer  which  are  most  advantageous. 

They  are  considering  [2]  hybrid  engines  on  three-component 
propellants  which  have  very  high  power  characteristics. 

In  this  case  it  is  considered  that  a  GRD  can  guarantee  a  number 
of  operational  advantages,  such  as  increased  reliability  and  stability 
of  operation,  the  possibility  of  adjustment  of  thrust  over  a  wide 
range,  and  also  the  possibility  of  realization  of  a  procedure  with  a 
number  of  shutdowns  and  starts  by  means  stopping  or  renewal  of  the 
I  supply  of  the  liquid  component  of  the  propellant. 

The  development  of  hybrid  engines  which  is  being  carried  out  in 
a  number  of  countries  persues  two  basic  goals:  an  increase  in  the 
power  characteristics  of  the  rocket  engine  and  achievement  of  those 
operational  features  which  are  difficult  to  obtain  from  a  ZhRD  or  an 
RDTT. 
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The  advantages  of  rocket  engines  using  a  solid-liquid  propellant 
in  comparison  with  a  ZhRD  are:  simplicity  and  compactness  of  the 

t 

installation;  improvement  of  heat  shielding  of  the  combustion  chamber 
in  connection  with  the  use  of  a  solid  low  heat-carrying  charge  which 
burns  from  within;  high  reliability  and  safety  of  operation.  Inasmuch 
as  usually  it  is  proposed  to  use  liquids  which  are  suitable  for 
prolonged  storage  as  oxidizers,  the  complete  readiness  for  launch  during 
a  prolonged  period  is  ensured. 

In  comparison  with  an  RDTT  a  rocket  system  on  solid-liquid 
propellant  or  a  propellant  with  separate  loading  is  distinguished 
favorably  by  the  possibility  of  simple  adjustment  of  engine  performance, 
including  magnitude  of  thrust  generated  by  it,  due  to  oxidizer 
consumption.  Sensitivity  to  initial  temperature  of  propellant  is 
practically  excluded.  The  time  of  operation  can  also  be  substantially 
increased  due  to  regenerative  cooling  of  the  afterburner  and  nozzle 
with  the  liquid  oxidizer.  Because  of  the  low  content  or  absence  of 
oxidizer  in  a  solid  fuel  its  charge  possesses  good  mechanical  features. 

In  this  way  hybrid  rocket  engines  can  be  advantageous  for 
controlled  flight  crafts  which  are  distinguished  by  simplicity  and 
reliability  and  are  found  in  constant  readiness  for  launching.  Also 
being  discussed  is  the  possibility  of  using  the  GRD  for  powerful  carrier 
rockets  [2].  In  th«u presence  of  highly  effective  propellant 
compositions  it  can  turn  out  to  be  expedient  to  also  use  the  GRD  for 
the  upper  stages  of  rockets.  The  possibility  of  adjustment  and 
repeated  switching  on  together  with  a  high  expected  specific  thrust 
can  justify  the  use  of  a  GRD  for  correction  of  velocity,  orientation, 
or  maneuvering  of  space  crafts. 

28.2.  Propellants  for  a  GRD 

Two-Component  Solid-Liquid  Propellants  ' 

Hybrid  propellants  of  such  a  type  were  used  for  the  first  time 
in  19  33  in  the  USSR  (see  1 . ^ )  . 
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In  Germany  in  19 ^ 3  experiments  were  performed  with  engines,  the 
combustible  of  which  was  perforated  carbon  grains  and  the  oxidizer 
was  liquid  nitrous  oxide  NgO .  Propellants  being  investigated  at 
present  for  the  most  part  also  belong  to  the  group  solid  combustible  + 

+  liquid  oxidizer.  This  is  connected  with  the  fact  that  such 
compositions  have  been  developed  better  and  provide  the  greatest 
specific  thrust.  Furthermore  the  volume  of  fuel,  as  a  rule,  is  less 
than  the  volume  of  oxidizer,  as  a  result  of  which  this  scheme  requires 
less  dimensions  for  the  combustion  chamber,  which  is  found  under  the 
Influence  of  high  pressure.  A  significant  fact  is  that  a  very  large 
number  of  different  substances  can  be  used  as  effective  fuels,  while 
the  number  of  effective  solid  oxidizers  suitable  for  utilization  is 
small. 

As  solid  propellants,  polymer  compounds  are  considered  which 
are  also  used  as  propellant-binders  for  composite  solid  propellants . 

For  the  purpose  of  increasing  the  power  characteristics  metals  and 
hydrides  of  metals  are  added  to  them:  aluminium,  beryllium,  boron, 
lithium,  and  others .  As  oxidizers  one  considers  both  the  components 
which  are  widely  utilized  in  ZhRD,  and  the  new,  more  effective: 

HN03,  NgO^,  02,  H202,  F2,  ClFr 

Table  28.1  shows  the  energy  characteristics  of  hybrid  compositions 
[2],  [33*  [4].  There  for  a  comparison  data  are  given  for  the  basic 
composite  solid  and  liquid  rocket  propellants. 

A  comparison  shows  that  the  already  existing  hybrid  compositions 
based  on  theoretical  specific  thrust  substantially  surpass  solid 
propellants  and  are  on  the  level  of  existing  liquid  stable  propellants, 
being  inferior  to  the  promising  stable  and  cryogenic  liquid  rocket 
propellants.  Based  on  density  of  propellant  the  hybrid  compositions 
are  located  between  liquid  and  solid. 
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Table  28.1.  Values  of  specific  thrust  and 
density  of  propellant  for  certain  compositions 

at  PK/pc  “  70/1,# 


»  ~  i 
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Solid 
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371 
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[Translator's  N>tai  tha  subscript  as  1  (liquid).] 


Of  the  promising  hybrid  rocket  propellants  attention  is  drawn  to 
compositions  with  propellants  -  hydrides  of  metals.  Specifically 
because  of  the  high  energy  characteristics  there  is  considerable 
interest  in  a  composition  beryllium  hydrid  BeH2  with  hydrogen 
peroxide  H^C^.  Based  on  theoretical  characteristics  this  is  probably 
the  most  effective  composition  of  stable  components  of  rocket 
propellants.  The  characterist ios  of  "reverse"  hybrid  composition. 


nitronluro  perchlorate  with  hydrazine,  are  rather  high  in  comparison 
with  existing  stable  liquid  rocket  propellants. 

All  the  cited  theoretical  values  of  specific  thrust  of  hybrid 
rocket  propellants  being  developed  relate  to  pure  substances.  For 
creation  of  a  practical  solid  charge  with  the  necessary  mechanical 
characteristics  it  is  necessary  to  use  binders,  which  as  a  rule  reduce 
specific  thrust. 

Practically  all  existing  and  promising  hybrid  rocket  propellants 
oontaln  a  considerable  quantity  of  metal.  For  the  development  of 
engines  with  a  high  coefficient  of  completeness  of  specific  thrust 
it  is  necessary  to  ensure  thorough  burning  of  the  metal  and  low  losses 
during  expansion  of  two-phase  products  in  the  nozzle.  The  seriousness 
of  the  last  problem  is  indicated,  for  example,  by  such  data. 

The  propellant  beryllium  hydride  with  hydrogen  peroxide  has  a 
maximum  specific  thrust  at  a  relationship  of  components  when  complete 
oxidation  of  beryllium  is  ensured  and  the  hydrogen  remains  free.  This 
takes  place  in  the  preseneo  of  the  reaction 

2B«Hi+H|0t”2B€0+3j!!. 

In  produets  of  cosk>ustlon  the  weight  fraction  of  beryllium  oxide  In 
this  instance  comprises 


+  7-2S.ni  4.  .1.J  0|* 


With  such  a  high  content  of  condensate  acceleration  of  products  of 
combustion  in  nossle  is  accompanied  by  intensive  consolidation  of 
particles.  According  to  calculations  based  on  the  methods  given  In 
Chapter  XXII,  even  with  very  small  particles  of  BeO  in  the  composition 
chaaber  (M  um)  in  the  area  of  the  throat  their  average  3lze  Increases 
up  to  tens  of  um.  In  this  case  losses  of  specific  thrust  can  exceed 
10S.  A  substantial  role  in  all  aspects  of  this  process  should  to 
played  by  splitting  of  particles  of  condensate  In  the  throat  area. 
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Three-Component  Solid-Liquid  Propellants 
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The  use  of  a  triple  composition  in  a  hybrid  engine  proposes  the 
placing  of  a  charge  contain  the  solid  component  in  the  combustion 
chamber. 

It  is  considered  that  such  a  feasibility  to  use  a  third  solid 
component,  which  is  natural  for  a  GRD,  gives  bases  to  refer  a  number 
of  maximally  effective  triple  systems  to  hybrid. 

Three-component  fuels  have  been  examined  partially  in  the 
division  on  fuels  for  a  ZhRD.  It  ls  known  that  such  triple  systems 
as  hydrogen  +  beryllium  +  liquid  oxygen  ensure  the  highest  theoretical 
specific  thrusts  among  known  chemical  systems.  Instead  of  beryllium 
sometimes  the  hydride  of  beryllium  is  considered.  In  the  latter  case 
maximum  specific  thrust  is  no  different  from  the  first  variant,  but 
the  density  of  fuel  turns  out  to  be  higher,  inasmuch  as  less  liquid 
hydrogen  is  required.  According  to  thermodynamic  calculations  the 
use  of  beryllium  or  beryllium  hydride  makes  it  possible  to  create 
systems  which  exceed  by  100  kgf*s/kg  based  on  theoretical  specific 
thrust  the  propellant  hydrogen  with  oxygen. 

However,  in  the  literature  data  concerning  experimental 
confirmation  of  the  high  theoretical  characteristics  of  triple 
metal-containing  systems  are  lacking. 

Solid  Propellants  with  Separate  Loading 

In  solid  propellants  with  separate  loading  it  is  proposed  to 
use  highly  effective,  based  on  specific  pulse,  combinations  of 
components,  the  chemical  incompatibility  of  which  does  not  permit 
using  them  in  composite  RDTT  engines. 

Being  considered  as  fuels  are  the  hydrides  of  light  metals: 
aluminum  AlH^,  beryllium  BeH^,  and  others,  and  also  aluminum  hydroxides 
and  Loron  hydrides  LiAlH^,  Be(AlH^)?,  Be(BH^)2. 
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Possible  oxidizer  are  perchlorates  and  nitrates  (or  their 
mixture)  with  additions  of  small  quantities  of  other  substances, 
which  ensure  self-combustion  of  the  oxidizer  charge. 

Based  on  specific  thrust  solid  propellants  with  separate  loading 
noticeably  surpass  RDTT  propellants.  For  example,  specific  thrust  of 
propellants  on  the  basis  of  the  enumerated  propellants  with  the 
oxidizer  NH^CIO^  at  it  *  40  is  found  in  the  range  of  270-310  kgf-s/kg. 

28.3.  Some  Arrangements  for  a  GRP 

Arrangements  of  engine  installations  with  a  GRD  can  be  very 
diverse.  There  can  be  a  different  arrangement  of  capacities  containing 
liquid  and  solid  component,  organization  of  supply  of  liquid  component 
(pressurization,  pumping),  process  of  combustion,  and  so  forth.  Let 
us  examine  some  of  the  possible  schemes  described  in  the  literature. 

Figure  28.2  shows  scheme  of  an  experimental  rocket  engine 
operating  on  hydrogen  peroxide  and  polyethylene.  The  latter  is  placed 
in  the  combustion  chamber  in  the  form  of  two  grains,  one  of  which 
burns  on  the  outer,  and  the  other  on  the  inner  surfaces .  Hydrogen 
peroxide  is  preliminarily  decomposed  by  passing  through  stem^gas 
generator  with  a  solid  catalyst..  This  eliminates  the  possibility^ 
of  accumulation  of  liquid  HgOj  in  the  period  of  launching  and  the 
possibility  of  its  explosion;  reaching  operating  mode  becomes  steady. 


Fig.  28.2.  Diagram  experimental  GRD 
on  polyethylene  and  hydrogen  peroxide: 
1  -  pack  of  catalyst;  2  -  charge  of 
fuel. 


In  the  presence  of  a  stem-gas  generator  the  process  of  combustion 
flows  as  a  reaction  between  solid  (combustible)  and  gaseous  (oxygen- 
steam  mixture)  phases.  Experiments  showed  the  uniformity  and  excellant 
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stability  of  such  a  process  over  a  wide  range  of  pressure  in  the 
combustion  chamber.  Linear  rate  of  combustion  of  the  solid  phase 
constituted  0. 5-1.0  mm/s .  After  burning  out  of  the  solid  charge  the 
engine  can  operate  a  certain  time  as  a  ’’cold"  ZhRD  (catalytic 
decomposition  of  with  a  specific  thrust  of  120-140  kgf*s/kg, 

which  can  be  used  as  the  march  stage  of  the  general  program  of 
operation. 

Dependence  of  temperature  in  the  combustion  chamber  and  specific 
thrust  of  the  propellant  (c2H2^n  +  H2°2  on  the  relat^onsh^P  °f 

components  is  shown  in  Fig.  28.3.  The  comparatively  weak  change  in 
specific  thrust  with  variation  in  the  relationship  of  these  components 
over  the  range  k  =  5-11  makes  it  possible  to  easily  regulate  the 
thrust  of  engine  without  large  losses  of  P 

ya 


Fig.  28.3.  Dependence  of  specific 
thrust  and  temperature  of  combustion 
of  the  propellant  polyethylene  + 

+  H202  (90%  concentration). 


In  Fig.  28.4  we  have  another  diagram  of  an  engine  on  a  solid- 
liquid  propellant.  It  Is  distinguished  from  the  previous  scheme 
by  the  fact  that  the  process  of  combustion  flows  as  a  reaction 
between  the  solid  propellant  and  liquid,  and  not  gaseous,  oxidizer, 
spreading  over  the  whole  propellant  charge.  When  using  charges 
containing  a  self-burning  combustible  (it  can  include  a  metal  and  a 
small  quantity  of  oxidizer) ,  engine  thrust  can  be  regulated 
comparatively  simply  over  wide  limits  with  the  aid  of  a  change  in 
combustion  of  liquid  oxidizer. 
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Pig.  28.4.  Diagram  of  a  GRD :  1  -  supply 

of  oxidizer;  2  -  charge  of  fuel;  3  -  Jets 
from  afterburner;  4  —  sprayers  of  oxidizer; 
5  —  afterburner. 


In  the  chamber  of  the  afterburner  combustion  is  carried  out  with 
a  close  to  a  unit,  which  provides  high  specific  thrust. 

In  experimental  investigations  of  such  schemes  a  specific  thrust 
up  to  255-265  kgf*s/kg  has  been  obtained.  Stability  of  combustion  is 
retained  to  very  low  pressures  (p  of  an  order  of  5  bar  with  overfall 

H 

pressures  on  sprayer  of  about  1  bar).  Combustion  efficiency  reaches 
0.90-0. 95.  The  overall  arrangement  of  the  system  makes  it  possible 
to  obtain  a  coefficient  of  weight  perfection  in  the  design  of  the 
engine  installation  a  *  0.1-0.15* 

K 

28.4.  Operating  Processes  in  a 
Combustion  Chamber 


The  basic  problem  in  designing  a  rocket  engine  on  hybrid  propellant 
from  the  viewpoint  of  its  interior  ballistics  consists  of  the 
calculation  of  consumption  of  solid  component  depending  on  the 
coordinate  along  the  charge,  time  and,  consumption  of  liquid  component. 

In  this  case  there  is  importance  in  questions  about  the  flow  of 
the  process  of  decomposition  of  solid  component,  dependence  of  this 
process  on  hydrodynamic,  physicochemical,  and  other  factors.  This 
process  influences  the  overall  sizes  of  the  charge,  coefficient  of 
volumetric  filling,  and  the  amount  of  unburned  residues. 

Burning  Out  of  Solid  Component 

Combustion  in  a  GRD  has  a  heterogeneous  nature  conforming  to 
the  heterogeneous  nature  of  the  propellant.  The  structure  of  the 
combustion  zone  depends  on  the  physical  and  chemical  properties  of 
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propellant  components.  Figure  28.5  shows  variants  in  the  structure 
of  a  burning  charge.  Simplest  scheme  of  the  process  is  for  fuel  of 
the  plastic  type  which  transforms  directly  from  a  solid  into  a 
gaseous  state  (Fig.  28.5a).  Figure  28.5b  shows  a  case,  when  between 
the  original  and  final  phase  an  intermediate  one  is  formed,  and 
namely:  the  combustible  initially  converts  into  a  liquid,  and  a  film 
of  it  under  the  influence  of  flow  moves  along  the  combustion  surface. 
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Fig.  28.5*  Variants  in  the 
structure  of  a  burning  charge. 


In  practice  the  particles  of  fuel  are  placed  in  plastic  substance 
in  order  to  obtain  the  necessary  mechanical  properties  of  the  charge. 
Depending  on  rate  of  decomposition  of  components  the  following  cases 
can  appear. 

If  fractions  of  fuel  decompose  at  the  same  rate  as  the  binder 
(Fig.  28.5c,  d)  ,  then  approximately  the  same  picture  is  obtained  as 
in  cases  a,  b  (if  the  fractions  are  not  too  large).  If,  however,  on 
the  contrary,  the  time  of  decomposition  of  fractions  is  great  as 
compared  to  the  time  of  decomposition  of  the  binder  (Fig.  28. 5e,  and 
f ) ,  then  they  can  be  carried  away  by  the  gas  flow  and  their 
combustion  will  proceed  already  in  the  flow.  Fractions  of  propellant, 
for  example,  aluminium,  beryllium  or  lithium,  can  be  carried  out  of 
the  chamber. 
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The  model  of  combustion  should  make  it  possible  to  determine  if 
not  the  magnitude  of  local  rate  of  burning  out,  then  at  least  its 
qualitative  dependence  on  these  or  other  factors.  For  this  purpose 
an  analysis  is  made  of  phenomena  of  heat  and  mass  transfer  in  the 
boundary  layer  with  blowing  in  of  chemically  active  substance  from 
the  wall  of  the  channel.  Chemical  reactions  with  the  participation 
of  this  substance  basically  flow  in  the  boundary  layer,  as  a  result 
of  which  the  area  of  maximum  heat  emission  is  located  near  the  surface. 

This  area  is  zone  which  is  washed  away  by  turbulent  pulsations  and 
is  constantly  increasing  downward  along  the  channel.  Above  (normal 
to  the  wall)  this  zone  a  surplus  of  products  of  the  core  is  observed, 
and  below  —  products  of  decomposition  of  wall,  although  products 
of  the  core  as  a  result  of  turbulent  transfer  also  turn  out  to  be 
directly  at  the  wall.  The  fixed  consumption  of  active  material  from 
the  core  of  flow  and  its  dilution  by  combustion  products  change  the 
composition  of  products  of  the  core,  but  the  developing  boundary 
layer  leads  to  decrease  in  the  thickness  of  the  core,  bringing  it 
to  zero  at  a  distance  of  20-30  calibers  from  the  entrance  to  the 
channel. 

The  local  rate  of  decomposition  the  solid  component  is  determined 
by  the  amount  of  heat  applied  to  the  wall  due  to  convective  and  radiant 
heat  flows  from  the  zone  of  maximum  heat  emission.  The  nature  of 
passage  of  reactions  in  the  combustion  zone  at  high  pressures  is 
determined  basically  by  mutual  diffusion  of  chemically  active  products 
from  the  core  and  from  the  wall.  At  low  pressures  the  kinetics  of 
chemical  reactions  can  become  the  limiting  process. 

A  diagram  of  the  combustion  process  in  a  flow  of  gases  which 
are  washing  surface  of  the  fuel  is  presented  in  Fig.  28.6a.  The 
diffusion  flame  begins  in  the  boundary  layer;  it  divides  it  into 
two  parts.  The  first  part  Is  located  near  the  surface  of  the 
propellant;  it  is  enriched  by  fuel  and  contains  gaseous  products 
combustion.  The  second  part,  located  over  the  diffusion  flame, 
consists  of  a  gaseous  oxidizer  and  simultaneously  contains  products 
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of  combustion.  Depending  on  the  Reynolds  number  and  disturbances-  at 
the  entrance  to  the  channel,  the  boundary  layer  can  be  laminar  or 
turbulent.  The  diffusion  flame  is  located  close  to  surface  of  the 
propellant,  and  removal  of  it  comprises  10-20%  from  the  local  thickness 
of  the  boundary  layer. 


Pig.  28.6.  Diagram  of  combustion  of 
solid  propellant  in  the  flow  of  a 
gaseous  (a)  and  liquid  (b)  oxidizer: 

1  -  diffusion  flame;  2  —  limit  of 
boundary  layer;  3  -  trajectory  of  drops; 

4  -  zone  of  heterogeneous  combustion; 

5  -  zone  of  reaction  between  drops  of 
oxidizer  and  solid  propellant. 


If  the  oxidizer  is  brought  in  a  drop  form  and  the  drops  come  in 
contact  with  the  surface  of  the  charge,  then  process  of  combustion  is 
complicated  (Fig.  28.6b):  upon  contact  self-ignition  proceeds 
immediately,  then  an  exothermal  reaction  is  developed,  as  a  result  of 
which  a  certain  share  of  fuel  and  oxidizer  vaporises,  so  that  near 
the  surface  of  the  propellant  heterogeneous  combustion  takes  place. 
Drops  of  oxidizer  partially  vaporize  already  at  the  intersection  of 
the  boundary  layer,  therefore  in  addition  to  heterogeneous  combustion 
near  the  surface,  additionally  a  diffusion  flame  will  be  formed. 

Analytical  models,  worked  out  for  describing  the  process  of 
burning  out  of  fuel  in  a  GRD,  permit  only  a  qualitative  clarifying  of 
the  dependence  of  rate  of  burning  out  on  these  or  other  factors.  On 
this  basis  it  is  possible  to  determine  the  form  of  empirical  formula 
for  describing  experimentally  found  regularities. 

The  rate  of  burning  out  in  a  GRD  depends  on  the  following  basic 
factors : 

—  on  chemical  composition  and  nature  of  fuel  and  oxidizer; 

—  on  mass  density  of  flow  of  gaseous  products  over  the  surface  of 
combust  ion ; 
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-  on  pressure  in  the  combustion  chamber; 


-  on  the  geometry  of  channel*  organization  of  supply  of  oxidizer, 
and  the  nature  of  flow  in  the  channel. 

Not  stopping  for  a  consideration  of  individual  factors,  let  us 
note  that  for  a  specific  propellant  with  a  definite  design  in  most 
cases  the  basic  influence  on  rate  of  burning  out  is  exerted  by  the 
mass  flux  density  (qw)  of  products  in  the  channel  of  the  charge. 

With  a  weakly  changing  in  the  relationship  of  components  as  well  as 
with  a  large  value  of  *  this  is  equivalent  to  dependence  on  consumption 
of  oxidizer.  The  influence  of  pressure  at  rather  high  p  is  usually 

K 

minor  and  is  expressed  basically  through  a  change  in  density  of  the 
gas,  i.e.,  through  qw. 

A  certain  influence  is  exerted  on  the  rate  of  combustion  by  the 
temperature  of  the  combustion  products.  For  a  specific  fuel  this 
means  dependence  on  the  relationship  of  components  which  is  sometimes 
expressed  as  the  dependence  on  complex  B. 

In  general  the  dependence  of  rate  of  burning  out  on  the  parameters 
of  operation  of  the  engine  is  written  as: 


where  Fu  —  area  of  charge  channel . 

Here  coefficients  a,  v^,  v2>  are  determined  experimentally. 

If  dependence  on  ph  and  6  is  weak,  then  formula  (28.1)  acquires 
the  following  form: 

tt-C(ew)’  (28.2) 


or 


a— a 


(28.3) 


in  the  case  of  an  evident  registration  of  considerable  increase  in 
consumption  along  the  channel  due  to  the  burning  out  of  fuel. 

Potentialities  for  Regulating  a  GRD 

The  controlling  parameter  of  a  GRD  is  consumption  of  oxidizer. 

In  the  process  of  engine  operation  along  with  the  burning  out  of  fuel 
the  area  of  the  channel  increases;  consequently,  with  a  constant 
consumption  of  oxidizer  there  is  a  reduction  in  the  magnitude  of 
qw  and  the  rate  burning  out  of  the  solid  component.  For  maintaining 
a  constant,  most  advantageous  relationship  of  components  the  combustion 
surface  must  be  increased  by  the  appropriate  means.  If  index  v1  in 
the  law  of  velocity  of  burning  out  (28.2)  is  equal  0.5,  then  the 
round  cylindrical  channel  ensures  maintenance  of  a  constant  relation¬ 
ship  of  components  in  the  case  of  erosion. 

Really,  if  r  —  radius  of  channel,  then  at  G„u  *  const  the  rate 

H  ’  OH 

of  burning  out  is  proportional  to 

M” (28.4) 

F*  /  nV;1 


Multiplying  the  rate  of  burning  out  by  the  surface  of  combustion 


“^rop  — 1 2jir,,, 


(28.5) 


we  obtain  the  propellant  consumption 


Gr  =  *lr,K“5,‘» 


(28.6) 
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where  k^  -  constant. 

In  this  way  with  *  0.5  fuel  consumption  and  the  relationship 
of  components  remain  constants  in  proportion  to  erosion  of  the 
cylindrical  channel.  In  practice,  based  on  published  data,  the 
magnitude  of  *  0.5-0. 8,  therefore  to  get  a  constant  relationship 
of  components  it  is  required  to  have  a  geometry  of  charge  channel 
which  ensures  a  more  rapid  increase  in  the  perimeter  then  a  circular 
cylinder. 

The  possibility  of  easy  adjustment  of  thrust  is  considered 
one  of  the  important  distinctive  features  of  a  GRD.  The  simplest 
adjustment  is  carried  out  by  changing  the  consumption  of  oxidizer. 

In  this  case  it  is  necessary  to  guarantee  operation  of  the  engine 
on  a  relationship  of  components  which  is  close  to  optimum.  Prom 
equation  (28.2)  it  is  evident  that  change  in  consumption  of  fuel, 
proportional  to  the  consumption  of  oxidizer,  can  take  place  only  at 
v  =  1. 

In  actuality  the  values  of  the  index  in  the  law^of  combustion 
is  less  than  a  unit.  Therefore  with  a  decrease  in  the  consumption 
of  oxidizer  the  expenditure  of  fuel  will  diminish  more  slowly  and 
this  will  lead  to  a  change  in  the  relationship  of  components  k.  In 
this  way  operation  of  a  GRD  with  adjustment  of  thrust  by  a  change 
in  consumption  of  oxidizer  must  be  accompanied  by  a  change  in 
relationship  of  components,  by  work  on  nonoptimal  mode.  The  magnitude 
of  change  of  k  can  be  Judged  according  to  the  following  example. 

If  ■  0.5,  then  lowering  of  thrust,  for  example,  by  four  times, 
can  be  obtained  by  the  corresponding  decrease  in  the  consumption  of 
oxidizer  by  approximately  four  times  (If  we  disregard  fuel  consumption, 
the  portion  of  which  is  relative  small);  in  this  case  consumption  of 
fuel  is  decreased  [see  (28.2)]  only  by  two  times,  i.e.,  the  magnitude 
Of  k  Is  decreased  two  times.  Simultaneously  it  is  possible  to  reduce 
specific  thrust,  and  the  possibility  appears  for  large  residues  of 
one  of  the  components  of  the  fuel  in  the  tank  or  in  the  combustion 
chamber. 
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Various?  solution:  have  been  proposed  for  the  isolation  of  II.  i.1 
problem.  One  of  ouch  solution. '  ran  be  considered  the  scheme  for  an 
engine  which  Is  shown  lri  Fig.  28. 4.  Here  the  oxidizer  Is  Injected 
into  the  head  of  the  propellant  charge  in  such  a  quantity  that  the 
mixture  of  gases  along  the  entire  length  of  the  charge  would  have  a 
surplus  of  fuel.  An  additional  .share  of  oxidizer  Is  Injected  into 
the  afterburner  in  a  quantity  necessary  for  maintenance  of  the 
required  relationshiD  of  components  k.  Another  possible  solution  of 
the  problem  of  ensuring  a  constant  <  over  a  wide  range  of  adjustment 
is  increasing  the  dependence  of  rate  of  burning  out  of  fuel  on 
pressure . 

In  this  case  it  is  necessary  that  the  values  of  indexes  in  formula 
(28.1)  satisfy  the  condition  v.  +  \>  =  1. 

1  C. 

The  solution  of  this  problem  of  ensuring  operation  at  optimum 
for  specific  thrust  will  be  more  effective  in  case  of  utilization 
of  propellants,  the  specific  thrust  of  which  changes  slightly  with 
considerable  deviations  in  the  relationship  of  components  from 
optimum.  An  example  of  such  a  propellant  is  the  propellant  polyethylene 
n  with  hydrogen  peroxide,  characteristics  of  which  are  given  in  Fig.  28.3. 

The  combustion  instability  has  a  low  frequency  of  oscillations 
of  pressure.  The  reasons  for  this  are,  basically,  design  of  the 
chamber  and  the  structure  of  combustion  inside  the  chamber, 
de  Predominantly  instability  appears  with  an  increase  of  thrust.  In 

contrast  to  a  ZhRD  In  a  GRD  unstable  low-frequency  oscillations 
do  not  appear  at  low  pressures. 
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CHAPTER  XXIX 

COMBINED  ENGINES  WHICH  USE  SURROUNDING  MEDIUM 

This  chapter  contains  a  brief  description  of  schemes  and  bases 
of  procedure  of  power  units,  organically  combining  the  elements  of 
rocket  and  atmospheric  or  hydrorocket  engines. 

29.1.  General  Information 


The  environment  (atmosphere,  water)  in  combined  power  devices 
usually  is  used  as  an  oxidizer  or  working  substance. 

The  development  of  combined  air-rocket  systems  is  explained  by 
tendency  to  combine  the  advantages  of  a  (BPA)  [ VRD  -  Jet  engine]  - 
low  expenditure  of  propellant  (fuel),  with  the  advantages  of  rocket 
engines  -high  speed  and  rate  of  climb,  excellent  altitude  character¬ 
istics.  Air-rocket  systems  have  limited  upper  ceiling  of  action, 
which,  however,  should  be  higher  than  for  strictly  a  jet  engine. 
Accordingly  achievement  of  higher  flight  velocities  can  also  be 
expected.  Utilization  of  air  as  an  oxidizer  on  the  sector  of 
trajectory  passing  through  the  atmosphere  of  the  earth  is  considered 
as  one  of  the  effective  means  of  increasing  the  characteristics  of 
rocket  systems. 

in  order  to  ensure  movement  of  underwater  vehicles  at  a  speed 
greater  than  1*50-170  km/h  it  is  necessary  to  use  reactive  principles 
of  movement.  Analogous  to  engines  of  flight  vehicles  Jet  engines 
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of  underwater  vehicles  make  it  possible  to  remove  limitations  imposed 
by  the  propeller  (sharp  lowering  of  efficiency  at  high  speeds)  and  to 
obtain  high  frontal  thrust.  As  one  of  the  components  of  the  propellant 
the  use  of  the  surrounding  water  is  being  considered. 


For  Jet  engines  which  use  the  surrounding  medium  (air,  water) 

in  an  absolute  quantity  G  kg/s  and  relative  (with  respect  to  consump- 

□ 

tion  of  fuel  Gt) 


X 
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two  variants  can  be  examined  for  the  determination  of  specific  thrust. 
In  the  first  —  thrust  refers  to  total  consumption  of  propellant  and 
surrounding  medium  : 


P’-'  =  TT7-'  (29'1) 

in  the  second  —  to  consumption  of  propellant  being  transported  aboard 
apparatus : 


(29.2) 

Subsequently  by  specific  thrust  of  combined  engines  is 
always  understood.  Somewhat  changed  is  the  concept  of  propellant, 
by  which  subsequently  only  substances  being  transported  on  board 
the  vehicle  are  implied. 

29 . 2  Rocket -Ramjet  Engines  (RPD) 

Fundamental  Arrangements 

For  a  ramjet  engine  (nBP/3,)  [PVRD]  operating  on  hydrocarbon  fuel, 
the  magnitude  of  P  can  comprise  2000-3000  kgf-s/kg.  This  is  almost 
an  order  more  than  the  magnitude  of  specific  thrust  of  rocket  engines. 
In  this  connection  one  can  understand  the  interest  being  given  to 
ramjet  engines  as  the  engines  for  the  lower  stages  of  operational 
rockets  and  carrier-rockets  for  space  objects,  including  recoverable 
stages  for  repeated  utilization. 


A  significant  deficiency  of  the  PVRD  is  the  impossibility  of 
independent  starting  and  low  effectiveness  at  low  flight  velocities. 

The  utilization  rocket  engines,  most  frequently  the  RDTT ,  as  rato  units 
which  are  rejected  after  depletion  of  fuel  and  achievement  of  the 
necessary  velocity,  is  one  of  the  solutions  of  this  problem  which  is 
being  put  into  practice. 

The  literature  [3],  [4]  also  considers  a  rocket-ramjet  engine 
variant,  the  fundamental  layout  of  which  is  shown  in  Fig.  29.1. 

Some  constructional  layouts  are  cited  in  work  [3l>  The  structural 
difference  of  an  engine  with  such  a  layout  from  a  ramjet  engine  lies 
in  the  presence  of  a  primary  circuit  which  functions  similar  to  a  rocket 
engine.  It  can  be  either  a  liquid  or  solid  propellant  engine  which 
operates  on  a  propellant  with  a  <  1.  The  function  of  this  circuit 
is  to  supply  the  products  of  incomplete  combustion  to  the  chamber 
of  the  ramjet  engine.  In  essence  this  is  a  gas  generator  or  fuel-feeding 
system.  Tne  latter  becomes  especially  clear  when  for  the  purpose  of 
improving  the  processes  of  mixing  one  nozzle  of  the  engine  of  the 
first  circuit  is  replaced  by  a  large  quantity  of  small  nozzles,  in 
essence  an  injector. 


o  i 


- 

rWuimlxJ 

► 

Fig.  29.1.  Layout  of  a  rocket- 
ramjet  engine. 


The  only  fundamental  difference  in  procedure  in  the  second 
circuit  of  an  engine  with  such  a  layout  from  a  ramjet  engine  is  the 
presence  of  the  ejector  action  of  the  jet  (or  jets)  of  combustion 
products  from  the  engine  of  the  first  circuit.  In  a  classical  ramjet 
engine  pressure  in  section  h-k  is  determined  by  the  dynamic  head  of 
Incident  flow,  effectiveness  <  f  the  diffuser,  and  losses  in  the 
combustion  chamber.  In  an  erhne  of  the  type  shown  in  Fig.  29.1, 
the  enumerated  factors  are  coupled  with  the  ejector  effect  of  escaping 
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products  of  combustion,  which  increases  pressure  in  section  k-k  in 
comparison  with  a  ramjet  engine.  This  effect  leads  to  a  certain 
improvement  of  the  characteristics  of  the  engine  at  low  velocities  — 
at  M  ■  0.5-1. 5*  At  higher  velocities  this  difference  disappears. 
Apparently  an  engine  with  such  a  layout,  on  the  strength  of  its 
fundamental  characteristics,  can  be  called  a  ramjet-ejector  engine. 


Also  possible  is  a  combination  of  a  rocket  engine  with  a  classic 
ramjet  engine  based  on  the  layout  shown  in  Pig.  29.2.  Air,  entering 
through  the  diffuser,  is  mixed  up  with  the  products  of- incomplete 
(or  complete)  combustion  of  one  or  several  rocket  engines.  After 
mixing  the  gases  enter  the  chamber,  where,  at  velocity  lower  than 
the  speed  of  sound,  injection  and  afterburning  of  the  additional  fuel 
take  place.  Then  the  products  are  expanded  in  the  nozzle.  At  high 
flight  velocities  the  primary  rocket  circuit  can  be  turned  off  and 
the  engine  operates  as  an  ordinary  ramjet  engine.  A  feature  of  this 
are  the  improved,  in  comparison  with  a  conventional  ramjet  engine, 
characteristics  at  low  (M  %  1)  flight  velocities,  a  higher  specific 
thrust  at  operational  flight  speeds. 


Pig.  29-2.  Layout  of  a 
rocket-ramjet  engine. 


Another  arrangement  of  an  engine,  combining  rocket  and  ramjet 
circuits  in  one  system,  is  shown  in  Fig.  29- 3a.  Air  entering  through 
the  diffuser  is  mixed  with  products  of  the  primary  rocket  circuit 
and  simultaneously  afterburning  and  expansion  take  place  in  the  common 
nozzle.  In  this  engine,  Just  as  in  the  previous  ones,  the  process  of 
ejection  is  significant,  i.e.,  the  mixing  of  the  high-speed  primary 
Jet  with  air  which  has  less  velocity.  As  a  result  of  mixing  there 
is  an  acceleration  of  the  secondary  flow  and  an  Increase  in  total 
pressure.  This  arrangement  is  distinguished  by  simplicity  and  attracts 
attention,  specifically,  relative  to  heavy  rockets.  The  engine 
installation  of  such  rockets  can  include  a  large  number  cf  combustion 
chambers  which  are  arranged  around  the  periphery  of  the  rocket 
housing,  which  serves  as  the  central  body  of  the  nozzle  (Fig.  29.3b). 
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Pig.  29.3.  Layouts  for  a  rocket-ramjet 
engine . 


Thermodynamic  Design 

The  basis  of  thermodynamic  calculation  of  a  rocket-ramjet  engine 
is  the  calculation  of  combustion  at  an  assigned  pressure.  If  the  rate 
of  flow  in  the  end  of  the  combustion  chamber  (section  k-h)  is  low  and 
static  and  total  pressures  differ  insignificantly,  then  calculation 
is  executed  in  the  same  manner  as  calculation  for  an  isobaric 
combustion  chamber. 

The  original  data  necessary  for  such  a  calculation  —  pressure 
p  ,  composition  and  enthalpy  of  fuel  -  are  determined  in  the  following 

K 

manner. 

Pressure  p  is  found  for  each  point  of  the  trajectory  by 

H 

calculation  of  the  process  in  the  diffuser  and  losses  during  mixing 
of  the  primary  and  secondary  flows.  Methods  for  such  a  calculation 
are  expounded  in  special  literature  (see,  for  example,  [^]).  Speed 
of  the  rocket,  atmospheric  pressure,  and  air  temperature  are  known 
quantities.  The  upper  limit  of  pressure  p  ,  which  is  not  attained 

K 

in  practice,  is  the  pressure  of  lsentropic  inhibition  of  flow  from 
velocity,  equal  to  flight  velocity  of  the  rocket,  to  zero. 

Composition,  properties  and  parameters  of  the  jet  from  the  primary 
engine  can  be  determined  by  the  conventional,  previously  expounded 
(Chapter  VTIT),  methods.  These  data  are  necessary  for  calculation  of 
mixing  and  pressures  p  . 
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Propellant  composition,  corresponding  to  combustion  products  in 
section  k-h,  is  found  as  a  mixture  of  1  kilogram  of  propellant  from 
the  primary  circuit  and  k  kilograms  of  additional  oxidizer,  In  this 
case  air.  The  composition  of  air,  the  basic  components  of  which  are  i 

oxygen  and  nitrogen,  can  be  taken  based  on  data  of  the  composition  ( 

of  standard  atmosphere.  A  method  for  determination  of  an  arbitrary 
formula  for  propellant  (products  of  combustion  of  thp  primary  circuit 
in  a  mixture  with  air)  is  examined  in  Chapter  V.  Enthalpy  of 
products  in  section  h-h  is  found  as  enthalpy  of  a  mixture  of  propellant 
for  a  rocket  engine  and  air.  Enthalpy  of  the  latter  is  defined  as 
enthalpy  of  free  air  at  the  given  altitude  plus  energy  of  inhibition  c 

from  flight  velocity  of  the  vehicle  to  zero. 

After  the  calculation  of  combustion  by  standard  methods  it  is 
possible  to  calculate  escape  up  to  an  assigned  pressure  or  degree  of  w 

expansion  of  the  nozzle.  It  is  necessary  to  note  that  as  a  result 
of  low  pressures  and  high  temperatures  in  the  chamber  combustion,  which 
are  characteristic  for  flight  at  large  Mach  numbers  at  high  altitude,  ( 

the  degree  of  dissociation  of  products  in  the  chamber  is  high.  As 
a  result  of  a  low  pressure  level  the  process  of  recombination  during 
expansion  in  the  nozzle  can  deviate  from  equilibrium. 


Thrust  of  a  Jet  engine,  as  is  known,  is  determined  by  the  i 

difference  in  velocities  of  products  which  emanate  from  the  nozzle  I 

and  incident  flow.  In  this  case  a  relatively  small  change  in  rate  d 

of  discharge  as  a  result  of  chemical  nonequilibrium  can  lead  to  a  W 

considerable  change  In  the  difference  of  velocities,  i.e.,  thrust  n 

and  specific  thrust  of  the  engine.  Under  these  conditions  an  important  d 

role  is  acquired  by  calculation  of  kinetics  of  the  process  of  recombin-  o 

ation  during  the  calculation  of  expansion  in  the  nozzle.  Within  the  d 

framework  of  thermodynamic  methods,  just  as  earlier,  in  the  case  t 

considered  it  is  possible  to  determine  the  maximum  and  minimum  values 
of  specific  thrust,  which  are  determined  during  calculation  of 
equilibrium  and  frozen  escape. 
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Thus  on  the  basis  of  results  of  calculation  of  combustion  at 
an  assigned  pressure  and  expansion  up  to  an  assigned  pressure  or 
relative  nozzle  area  it  is  possible  to  determine  specifically,  such 
magnitudes  as  temperature  of  combustion  T  ,  pressure  and  temperature 
on  a  section  of  nozzle  pc  ,  T^ ,  and  rate  of  escape  w,  . 

Thrust  of  an  engine  is  found  according  to  the  known  formula 

/J—Giwc  — ^  APc-Pn) 
or 

P  G,  —  x.a'.  +■  (l+s)/r»».c(Pc  -  A**l.  (29.3) 

where  wfl  -  velocity  of  incident  flow  of  air. 

Specific  thrust  of  a  rocket-ramjet  engine  according  to  formula 
(29.2)  is 


PM=(1+  ».)  wc  -  «.».+  ( 1  +  *.»  c (Pc  ~  PJ-  ( 29  .  *0 

In  a  case  when  the  rate  of  flow  at  the  entrance  into  the  nozzle 
is  considerable  the  process  of  combustion  cannot  be  considered  isobaric 
If  the  combustion  chamber  in  this  case  is  cylindrical,  then  the  thermo¬ 
dynamic  calculation  is  similar  to  the  calculation  given  in  Chapter  VIII 
With  a  variable  area  on  the  sector  1  —  h,  for  the  calculation  it  is 
necessary  to  know  the  distribution  of  pressure  on  this  sector  as 
determined  by  the  processes  of  mixing  and  combustion.  Calculation 
of  these  processes  is  difficult,  therefore  one  should  use  experimental 
data  or  approximate  dependences  of  pressure  on  the  coordinate  of 
the  sector  [5]. 

Propellants 

The  basic  requirements  for  fuels  for  rccket-ramjet  engines 
coincide  with  those  requirements  which  were  noted  when  considering 
liquid-propellant  rocket  engines  and  RDTTs.  The  requirements  for 
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energy  characteristics  are  specific.  With  the  addition  in  the  second 
circuit  of  an  optimum,  based  on  specific  thrust,  amount  of  air  k  the 

B 

specific  thrust  of  an  RPD  will  be  greater,  the  less  the  coefficient 
of  surplus  of  propellant  oxidizer  for  the  primary  circuit.  However, 
the  presence  of  this  oxidizer  is  necessary  for  organization  of  the 
process  of  combustion  in  the  primary  circuit  and  conveyance  of 
combustion  products.  Furthermore,  during  launching  or  during  flight 
at  low  speeds  the  ejector  effect  leads  to  a  pressure  increase  in 
sector  h-k  and,  consequently,  of  specific  thrust  of  the  RPD.  The 
magnitude  of  this  effect  is  greater,  the  higher  the  rate  of  discharge 
from  the  nozzle  of  the  first  circuit,  i.e.,  the  closer  the  propellant 
composition  to  stoichiometric.  In  this  way  there  are  two  opposite 
pressures  on  the  composition  of  propellant  in  the  first  circuit. 
Concrete  selection  can  be  made  during  consideration  of  the  flight 
program  for  the  vehicle. 

The  solid,  liquid,  and  hybrid  propellants  can  be  used  in  an  RPD. 

As  components  of  liquid  or  hybrid  propellants  it  is  possible  to  use 
the  components  examined  earlier  in  the  appropriate  sections. 

Figure  29.^  shows  the  curves  for  values  of  specific  thrust  P 
for  an  RPD  as  determined  by  the  method  given  above.  The  calculation 
is  made  under  the  condition  of  isentropic  inhibition  of  air  for  an 
isobaric  combustion  chamber  [1].  In  principle  for  liquid  and  hybrid 
propellants  the  coefficient  of  surplus  of  oxidizer  ot  can  be  selected 
as  variable  based  on  trajectory  of  flight.  Consumption  can  also  be 
changed  in  this  way  so  that  in  accordance  with  the  characteristics 
of  the  diffuser  it  ensures  the  most  advantageous  value  of  k  at 

B 

every  moment  of  flight. 

In  case  of  utilization  of  solid  propellants  it  is  impossible  to 
regulate  the  relationship  of  components  k.  The  magnitude  of  tc  can 
be  maintained  by  a  specific  geometry  of  charge  in  accordance  with  the 
required  law,  if  the  flight  trajectory  had  been  preset  during  planning. 
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Fig.  29.4.  Dependence  of  specific 

thrust  of  an  RPD  on  <  at 'H  =  0. 

b  ’ 

M  =  1.5  and  with  a  different 
relationship  of  components  a  in 
the  first  circuit:  propellant: 
mixture  of  amines  +  HNO^ . 


Solid  propellants  for  an  RPD  can  be  ballistite  or  composite. 

The  most  effective  fuels  are  those  with  a  low  content  of  oxidizer. 

In  this  respect  wider  possibilities  are  being  opened  with  the 
utilization  of  composite  fuels.  Here  the  lower  limit  of  oxidizer 
content  is  determined  by  the  conditions  of  combustion  of  the 
composition  in  the  first  circuit.  The  basic  components  of  such 
propellants  are  the  same  as  for  propellants  for  an  RDTT.  Most 
frequently  the  oxidizer  is  ammonium  perchlorate,  and  the  binders  - 
high-molecular  organic  compounds.  Additives  of  metals  or  of  their 
compounds  can  also  be  used  as  a  component  of  the  propellant.  A 
characteristic  for  the  composition  of  solid  propellant  for  an  RPD  is 
the  comparatively  low  content  of  ammonium  perchlorate  -  30-50$,  and 
a  high  content  of  metal,  most  frequently  aluminium  -  60-40$.  The 
content  of  binder  is  selected  as  the  minimum  necessary  for  ensuring 
the  physics  -  mechanical  properties  of  the  propellant  -  10-15$. 

An  Important  problem  is  ensuring  total  combustion  of  propellant 
with  a  minimum  length  of  afterburner  chamber.  In  this  respect  the 
use  of  metals  creates  difficulties,  because  the  time  necessary  for 
combustion  of  metallic  particles  is  much  greater  than  the  time  which  i 
required  for  combustion  of  gaseous  fuel. 

Ranges  of  Utilization 

In  order  to  evaluate  the  comparative  characteristics  of  various 
types  of  engines  and  the  range  of  their  rational  utilization,  in 
Fig.  29.5  we  show  the  results  of  a  tentative  calculation  of  specific 


thrust  depending  on  velocity  of  flight.  The  propellant  includes 
components  which  are  disposed  on  the  flight  vehicle. 


Pig.  29-5.  Speed  charac¬ 
teristics  of  an  RPD . 


As  it  can  be  seen,  rocket -ramjet  engines  based  on  their 

characteristics  occupy  an  intermediate  position  between  the  RD  and 

ramjet  engine.  The  magnitude  of  specific  thrust  and,  consequently, 

the  economy  of  engines,  which  is  evaluated  by  propellant  consumption, 

depends  substantially  on  the  magnitude  of  k  and  velocity  of  flight* 

□ 

Achievement  of  high  flight  velocities  is  ensured  only  with  a  ^ 

considerable  increase  in  consumption  of  propellant  whiefi^is  transported 
by  the  vehicle. 


It  is  expected  that  the  utilization  of  RPDs  will  noticeably 
expand  the  range  of  accessible  velocities  and  altitudes  for  an 
engine  in  comparison  with  the  ramjet  engine  and  substantially  increase 
its  economy  in  comparison  with  the  RD. 


29.3*  Turbojet  Engines 

A  combination  of  a  turbocompressor  jet  engine  and  a  rocket  engine 
is  put  into  practice  in  the  form  of  two  independent  engines,  installed 
on  one  vehicle  and  operating  independently  of  one  another.  Kith  the 
utilization  of  a  liquid-propellant  rocket  engine  its  fuel  pumps 
can  be  driven  from  the  shaft  of  a  (TPA)  [TRD  -  jet  engine].  However, 
the  characteristics  of  such  combinations  can  turn  out  to  be  less 
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advantageous  than  the  character  i  :•  t  ics  of  combined  devices.  In  which 
the  elements  of  one  or  the  other  engine  are  organically  connected 
with  each  other. 

An  example  of  such  a  layout  of  an  engine,  which  can  'be  called 
turbojet,  is  shown  in  Pig.  29.6.  Rocket  chamber  2,  operating  on  a 
monopropellant,  is  used  as  a  gas  generator  for  turbine  3,  which  drives 
the  air  compressor  1.  Air  which  is  forced  by  the  compressor  is  fed 
into  the  afterburner  4,  where  the  gas  used  in  the  turbine  burns  (it 
usually  has  a  deficiency  of  oxidizer),  and  also  the  combustible  is 
burned  additionally,  just  as  in  the  afterburner  of  a  TRD  with  after¬ 
burning  . 


Fig.  29-6.  Layout  of  a  turbojet 
engine. 


The  advantages  of  such  an  arrangement  are  independence  of  the 
power  of  the  turbine  on  flight  altitude  and  the  lowering  of  limitations 
connected  with  high  flight  velocities.  It  is  conjectured  that  in  a 
weight  ratio  the  turbojet  engine  is  more  advantageous  than  a  simple 
combination  of  a  TRD  and  liquid-propellant  rocket  engine. 

Figure  29-7  shows  the  speed  characteristics  of  a  turbojet 
engine,  fpecific  thrust  Pyfl,  relative  to  the  consumption  of  gas  in 
the  rocket  channel,  is  plotted  along  the  axis  of  ordinates,  and 
along  the  axis  of  abscissas  -  flight  Mach  numbers. 

The  characteristics  are  obtained  by  the  calculation  method  with 
certain  average  values  of  parameters  (temperature  before  the  turbine 
1400°K,  optimum  stages  of  increase  in  pressure  in  the  compressor, 
specific  thru3t  of  monopropellant  180  kgf-s/kg). 


Pig.  29.7.  Speed  character¬ 
istics  of  a  turbojet  engine. 


As  It  seems,  one  of  the  determining  parameters  Is  the  relationship 
between  consumption  of  gas  In  the  air  channel  and  consumption  in 
the  rocket  channel.  At  ieB  *  0  (air  is  not  supplied)  the  engine 
becomes  purely  rocket,  at  »8  *  ■  (monopropellant  not  supplied,  turbo¬ 
compressor  moved  away)  the  engine  turns  Into  a  ramjet  engine.  At 
rB  •  5-10  the  characteristics  of  the  turbojet  engine  are  intermediate 
between  the  characteristics  rocket  and  ramjet  engines.  It  can  be 
expected  that  turbojet  engines  will  provide  aircraft  with  greater 
capabilities  for  altitude  and  rate  of  climb  than  a  turbocompressor 
Jet  engine  with  an  afterburner.  The  range  of  accessible  velocities 
and  altitudes  for  such  a  system  probably  will  be  expanded,  and  operation 


will  become  more  flexible. 


The  Possibility  of  Using  the  Atmosphere 
of  Other  Planets 


In  the  air-rocket  engines  cited  above  oxygen  of  the  air  is 
considered  as  the  natural  sources  of  oxidizer,  which  is  favorably 


expressed  on  the  weight  characteristics  of  the  installation.  In  the 


same  manner  during  the  investigation  of  outer  space  it  is  possible  to 


use  the  atmosphere  of  other  planets.  For  example,  based  on  data 
from  work  [11]  the  atmosphere  of  Mars  consists  basically  of  N2,  Ar, 
and  COp  and  small  quantities  of  C>2,  N02,  CO,  and  H20.  Although  the 
atmospheric  pressure  at  the  surface  of  the  planet  Is  not  high,  the 
atmosphere  Is  stretched  out  far  from  Its  surface.  There  Is  definite 
Interest  In  an  analysis  of  the  thermodynamic  characteristics  of 
propellants  which  use  atmospheric  nitrogen  as  the  oxidizer. 

A  number  of  means  of  utilization  of  nitrogen  are  being  considered 
[9]*  The  most  Important  of  them  are: 

a)  utilization  of  nitrogen  as  the  oxidizer  In  turbojet  and 
ramjet  engines; 

b)  liquefaction  of  nitrogen  and  feeding  It  Into  a  chamber 
similar  to  the  chamber  of  a  rocket  engine.  In  this  case  nitrogen  Is 
used  either  as  the  oxidizer  or  as  the  working  substance,  being  heated 
In  a  chamber,  for  example,  from  the  products  of  combustion  of  the 
main  propellant.  Components  of  the  main  propellant  can  be  obtained 
aboard  the  rocket  by  using  atmospheric  nitrogen  (for  example, 

NH3,  N2Hl4,  HN03); 

c)  utilization  of  nitrogen  as  the  working  substance  In  engines 
with  a  nonchemical  source  of  energy. 

A  combination  of  the  enumerated  methods  Is  possible. 

Light  metals  are  proposed  as  possible  fuels:  boron,  aluminium, 
beryllium,  or  the  hydrides  of  these  metals.  Inasmuch  as  nitrogen 
Is  not  transported  aboard  a  rocket,  that  when  evaluating  the  effective¬ 
ness  of  a  propellant  the  magnitude  of  thrust  relative  to  the  per  second 
consumption  of  fuel,  Is  more  significative.  Based  on  magnitude 
of  the  hydrides  of  light  metals  are  Inferior  to  the  metals. 


Inasmuch  as  the  content  of  Ar,  C02,  0,,,  and  other  Impurities* 

In  atmosphere  of  a  planet  Is  considered  low,  when  evaluating  the 
thermodynamic  characteristics  of  propellants  they  can  be  disregarded. 

« 

As  an  example  Pig.  29. P  shows  the  magnitudes  of  specific  thrust 
relative  only  to  consumption  of  fuel.  Liquid  nitrogen  is  used  as  an 
oxidizer  (N2  +  B,  ♦  Al,  +  Be)  and  as  a  working  substance 
(mixture  of  HNO^  and  +  Be  +  N2,  ratio  (HNO^  +  N^O^l/Be  - 

stoichiometric).  Calculations  have  been  made  for  a  case  of  utilization 
of  nitrogen  in  a  rocket  chamber. 


Pig.  29.8.  Magnitudes  of 

specific  thrust  P  „  lor 

ya 

certain  fuels  using  nitrogen: 
PH  »  18  bar,  f  ■  40. 

1  -  N2/A1;  2  -  N,,/Be; 

3  -  N?/B;  4  -  'h:.'03  ♦ 

*  NpO^ )  +  Be  ♦  N2. 


As  it  appears,  with  the  utilization  of  nitrogen  as  an  oxidizer 
the  specific  thrust  relative  to  consumption  of  fuel  increases  with 
an  Increase  of  weight  fraction  of  nitrogen  in  the  propellant.  However, 
simultaneously  the  area  of  fenced  devices  for  rhe  supply  of  nitrogen 
Increases  and  the  temperature  of  combustion  products  drops.  Kor 
example,  for  the  propellant  N?  ♦  B  at  ffa-i.  "H  ■  3250°K,  and  at 
k  ■  16  it  comprises  only  7  ■  1350°K,  which  can  influence  the  complete¬ 

ness  of  the  combustion  process.  Consequently  n  certain  optimum 
value  of  k  exists. 

29 • 5 •  Hydrorocket  Kngines 

In  many  reactive  engines  for  underwater*  vehicles  "he  u.  <•  !’  *h> 

surrounding  water  is  planned  and  ’heir  systems  include  el •  •?•.•■-.* .  f  t 
rocket  engine,  .‘uch  engines  are  called  hyd:-<-  rcck'-t . 


r  i  ruber  uf  arro  rigementu  !'  hydrorocket  of  engines.  are  unde' 
d  1  sous:: !  >n  [71,  [h  1 . 


Hydrodirent -vlow  Engine 

In  the  c^ml mr tion  chamber  of  engine  rocket,  predominately  solid 
propellant  Is  burned.  The  surrounding  water  is  fed  into  the  products 
of  combustion  under  the  pressure  of  dynamic  head.  Secondary  reactions 
take  place,  the  water  vaporizer  partially,  and  polyphase  working 
body  Is.  expanded  in  the  Jet  nozzle. 

Similar  to  the  ramjet  engine  this  engine  is  not  capable  of 
Independent  starting  and  operation  at  low  velocities.  At  a  constant 
rate  of  movement  the  characteristics  of  the  engine  depend  on  the 
depth  of  Immersion  of  the  vehicle  (the  degree  of  lowering  of  pressure 
in  the  nozzle  i3  decreased  with  depth) . 

Hydroturbojet  Engine 

Surrounding  water  is  supplied  by  pumps  which  are  driven  by  a 
turbine.  'Ihe  turbine  operates  on  the  combustion  products  of  a  rocket 
propellant  (the  use  of  water  is  also  possible). 

The  engine  can  accelerate  independently  and  operate  at  low 
rates  of  movement. 

i.nglne  Operating  on  Hydroreactive  I’ropellant 

The  layout  of  the  engine  Is  similar  to  a  liquid-propellant  rocket 
engine  or  a  (TP/l)  [ GHD).  <  ne  of  components  of  the  propellant  is 
the  surrounding  water,  which  reacts  with  the  second,  liquid  or  solid 
component . 


h<  economy  of  the  engine  (specific  thrust)  should 
n’v  on  th‘-  expended  propellant  which  is  transported  by 
A  <•  mi  ;  i  r !  s  n  V  various  ;  r  ■'■pel  lard  s  is  made  more  correct 
v  lur.etj-h-  .  |  t  <• !  f !  e  thrust.  The  ;  <  Ir.t  is  that  the  .’•••s'.s. 


be  evaluated 
the  vehicle, 
ly  based  on 
tar.ee  f  the 

let  ff.dS  f  ». 


the  frontal  area  and  external  form,  and  not  on  weight,  which  is 
compensated  by  lifting  (pushing)  force,  'rhis  imposes  limitations  on 
volume,  and  not  on  the  weight  of  the  propellant  which  Is  stored  on 
the  vehicle.  Moreover  the  fraction  of  weight  of  the  propellant  in 
underwater  vehicles  is  considerably  less  than  in  rockets  (usually  less 
than  50*). 


As  an  illustration  Pigs.  29-9-29.10  show  the  theoretical 
characteristics  of  some  hydroreactive  propellants,  based  on  data  from 
work  [8].  The  greatest  attention  among  the  components  of  such 
propellants  is  given  to  metals. 


Pig.  29.9.  Combustion-chamber 
temperature  for  certain  metals 
with  water  at  ph  ■  70  bar: 

-  metal  in  molten  state; 

- —  in  solid  state. 


One  ought  note  that  power  characteristics  alone  cannot  predetermine 
the  selection  of  propellant.  Very  important  is  the  problem  of 
organization  of  an  effective  and  stable  procedure  under  the  sped  He 
conditions  of  the  particular  vehicle. 


727 


Fig.  29.10.  Volumetric 
specific  thrust  relative  to 
expenditure  of  metal: 
p  ■  70  bar;  p  »  1.0  bar. 

K  C 


The  following  basic  means  of  organization  of  operating  procedure 
are  being  considered  for  these  engines  [8]. 

1  In  the  combustion  chamber  water  reacts  with  molton  metals 
(Al,  .  g,  Li)  which  are  fed  there  in  a  liquid  phase.  The  source  of 
heat  for  melting  is  the  combustion  chamber  or  a  separate  power  plant. 

2.  Metals  are  fed  into  the  combustion  chamber  in  the  form  of 
fine  powders  or  pastes.  They  react  with  oxidizers  of  the  type  HNO^, 
and  H20?.  It  is  possible  that  with  a  very  thin  grinding  of  metals 
it  is  possible  to  initiate  their  reaction  with  water. 

3.  In  the  combustion  chamber  a  reaction  is  carried  out  between 
a  charge  of  solid  metallized  rocket  fuel,  containing  a  combustible 
and  oxidizer,  and  water. 

All  these  method.-  of  organization  of  operating  procedure  are 
complex  and  still  have  not  been  studied  sufficiently.  Ilie  development 
of  tfie  most  Important  layouts  of  hydrorocket  engines  depends  on 
successes  In  their  realization. 
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Appendix  I.  Basic  data  for  some  liquid-fuel  rocket  engines. 
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